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Abstract 
Thermoplastic copolyesters (TPE-Es) are high-performance thermoplastic alternatives to natural or 
synthetic cross-linked rubbers. TPE-Es are segmented block copolymers typically incorporating 
hard (polyester) and soft (polyether) blocks. This thesis investigates the “processing-structure-
property” of nanocomposites of TPE-E reinforced with organically-modified nanoclays. Two 
methods of materials processing are investigated for the preparation of the nanocomposites: melt 
compounding and reactive extrusion. The main objectives of this research are the investigation of 
the utility of organically-modified nanoclays to enhance the properties of segmented TPE-E, and to 
understand in parallel how these nanofillers influence the underlying TPE-E microphase 
morphology, from which segmented TPE-E elastomers derive their properties.  
As additives for melt compounding, a fluoromica (aspect ratio ~ 650 nm/1 nm) and two organo-
hectorites (aspect ratio ~ 80-120 nm/1 nm) were modified with single or dual surfactants with 
varying degrees of surface hydrophobicity, which were incorporated into a single soft TPE-E grade 
(Hytrel® 3078), at loadings of 2 and 4% (w/w). Octadecyltrimethylammonium bromide (ODTMA), 
cetylpryidinium bromide (CP), and choline chloride (CC) salts were utilised for modifying the clay 
surfaces via an aqueous ion exchange reaction. Ultimately, the high aspect ratio fluoromica 
modified with a single ODTMA surfactant was found to demonstrate the best overall mechanical 
performance, and was the most thermodynamically-compatible TPE-E nanocomposite system 
investigated. This system resulted in good filler dispersion, while fluoromica with a dual surfactant 
75%/25% ODTMA/CC modification was less compatible. At 2% (w/w) loading, the resulting 
nanocomposite exhibited marginally-improved tensile strength and creep resistance, in addition to 
the best enhancement of exfoliation and barrier properties. The CP modified nanofillers 
demonstrated the worst overall performance, perhaps due to the slightly shorter surfactant length 
employed. Increased hard segment secondary interactions were observed, as indicated by enhanced 
hard segment nucleation and crystallinity. Low aspect ratio organo-hectorites with a single and dual 
surfactant were found to be more difficult to disperse and less thermodynamically-compatible with 
TPE-E. These nanocomposites displayed inferior mechanical and barrier performance, primarily 
due to unfavourable morphological influences, combined with inadequate levels of dispersion or 
sufficient permeant tortuosity levels (due, in-part, to the lower aspect ratio) to improve barrier 
performance. 
Further modified reactive nanofiller variants were explored through reactive extrusion. The 
hydroxyl-bearing ODTMA/CC organo-fluoromica was combined in toluene with a tetraglycidyl 
compound, TGDDM, as a reactive modifier to the dual surfactant organoclay. It was shown that the 
presence of alkyl ammonium cations in the clay promotes the intercalation of the TGDDM 
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molecule into the interlayer space. The effects of this combined organoclay and further modification 
on the final properties of TPE-E, organoclay and TGDDM were investigated. In the first 
experimental stage, the optimum concentration of the reactive modifier was determined by melt 
compounding TPE-E, 2% (w/w) of organoclay and TGDDM in a twin-screw extruder. The 0.3% 
(w/w) concentration of TGDDM, which resulted in moderate tensile strength, was selected because 
of its balanced mechanical properties. Subsequently, by using 0.3% (w/w) TGDDM content, the 
effects of the modification route of the materials on the properties of nanocomposites were 
systematically investigated. Mechanical testing showed that different orders of addition of the 
components significantly influenced the mechanical properties. Of the investigated addition orders, 
the best sequence of component addition (HC1-T) was the one in which TPE-E was first 
compounded with organoclay early in the twin screw extruder barrel, followed by the side addition 
of the TGDDM further downstream. While this approach led to excellent enhancement in 
mechanical properties, the water vapour transmission rate was not improved. A masterbatch 
approach of combined organoclay (HC1-C2) was able to significantly enhance the resistance to 
water vapour through the host TPE-E. 
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Chapter 1 Introduction 
 
1.1 Introduction to Thermoplastic Elastomers 
One of the most versatile classes of thermoplastics on the market today are the versatile 
family of thermoplastic elastomers (TPEs). The unique traits of TPEs arise from isolating and 
combining the best attributes of plastics and rubbers. Current TPEs additionally mix the 
properties of other irrevocable and cross-linked elastomers, such as flexibility at low 
temperatures, resilience and impact resistance, with the characteristics of thermoplastic 
materials, including ease of melting and solution processing. Generally, TPEs have two 
phases; the first is the hard phase, which provides physical cross-links, upper heat distortion 
properties and strength, while the second is the soft phase, which contributes to the 
elastomeric properties and toughness. The hard phase has a high glass transition temperature 
(Tg), or high melting point for semicrystalline or paracrystalline systems, while the soft phase 
has a low Tg. In most cases, these phases are linked together chemically by either block or 
graft copolymerisation.  
In other approaches, TPE-like behaviour may be achieved through blending a fine dispersion 
of the existing hard polymer within a matrix of the elastomer. TPE materials contain a 
physical mixture of two polymers (plastics and rubbers), enabling the unique properties 
through a lack of covalent bonding or chemical presence between the two. As a result, a new 
polymer science field has emerged from this behaviour.
1
 A wide range of applications for 
TPEs exist, and these range from the industrial to health sectors. TPE materials have multiple 
uses in the manufacturing of products, such as seals and adhesives, cell phones, components 
of various sporting items (e.g. golf balls and ski boots), automotive interior materials, 
medical equipment, building materials, as well as many other engineering uses.
2
 
TPEs were first commercially introduced in 1960, and the use of these products has grown 
rapidly ever since. The global annual consumption of TPE materials is expected to increase 
by over 5.5% every year to reach 5.8 million metric tons in 2017.
3 
 
 
 
 2 
 
 
 
 
 
 
 
 
Ethylene propylene diene (EPDM) and polypropylene were initially used to make the first 
generation of TPEs.
4-5
 Afterwards, ethylene propylene rubber (EPR) replaced EPDM due to 
the lower cost of procuring the starting materials. However, since these materials were only 
mixed physically, and without any cross-linking, they could not be used to produce hard, 
tough thermoplastic. Another challenge in the early stages of TPE development was the low 
tensile strength of EPR and EPDM and their inability to resist organic solvents, oil or grease. 
In the late 1970s, dynamic vulcanisation techniques were used to solve the low thermal and 
chemical stability of these TPEs. These techniques utilised dynamic vulcanisation to mix the 
soft elastomer and hard thermoplastic physically, thus forming thermoplastics and elastomer 
blends, which were cross-linked and intimately mixed together. This dynamic vulcanisation 
mixture technique resulted in a second generation of TPEs, affording better tensile strength 
and oil resistance than the former ones made through mixing only.
6
  
While the first polyurethanes were discovered by Otto Bayer in 1937
7
, the scientific approach 
to thermoplastic polyurethanes (TPUs) began with the works of Müller et al.
8
 and Petersen et 
al.
9
 in 1944. TPUs are composed of both long-chain (polyols) and short-chain (diols) 
elastomers with hard and soft segments of urethane thermoplastic in alternating positions. 
The hard/soft segments are linked together by covalent bonds.
10 
TPUs with varying structures 
and/or molecular weights of polyols, diols and thermoplastic positions have led to an 
unlimited number of combinations, made to suit desired characteristics.
11
 The typical value of 
Tg for these materials can exceed 190°C and they provide a very good resistance to oil, 
grease, mechanical impact and abrasion.  
Subsequently, the third generation of TPEs was introduced in the 1990s. They were made 
through similar dynamic vulcanisation techniques, but utilised natural and other butyl rubbers 
Figure 1.1 World thermoplastic elastomers market.
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to replace EPR and EPDM. Natural and butyl rubbers are advantageous in that they are low 
in cost, have good molding properties, and they are reusable and easily recyclable.
12 
TPEs 
made of butyl rubber are advantageous in that they have good adhesion with other 
thermoplastics. Thus, they are still relevant today for many other over molding uses.
13
 
Generic classes of TPEs are characterised by their various properties and uses and are classed 
into six commercial categories: styrenic block copolymers, polyolefin blends, thermoplastic 
polyurethanes, thermoplastic copolyesters (TPE-E), thermoplastic polyamides and 
thermoplastic vulcanisates.
14 
Within the various categories of TPEs, TPE-E link the chemical 
and the material properties of chemically cross-linked elastomers with other engineered 
plastics, which are generally cost effective and easier to manufacture. These materials have 
multiple domains, rather than the single domain situated in polyesters, and are often referred 
to as “hard” and “soft” blocks.15  The “soft” blocks contribute to the elastomeric character of 
the material with a Tg below room temperature, whereas the “hard” blocks are rigid and 
sometimes paracrystalline or crystalline sequences with a Tg and/or Tm above room 
temperature, contributing to the reversibility of the structure of the “thermal network” in such 
materials and allowing them to be melt processed. 
More detail on the TPE-E sub-class is given in the expanded section in chapter 2 (section 
2.1). 
1.2 The Thermoplastic Copolyesters:- Applications, Advantages and Disadvantages 
The TPE-E class of TPEs is based on copolyesters, including both copolyether-esters and 
copolyester-esters. These materials are multi-block copolymers and mostly comprise of an 
alternating structure of both hard and soft segments within the overall polymer chain. The 
hard segments have a semicrystalline polymer, including polyurethane, polyester, polyamide, 
or polyethylene, which provides good resistance to solvents.
16-19
 Systems that have a glassy 
hard phase include multi-block copolymers, based on poly (ether imide) hard segments and 
polysiloxane soft segments.
20
 In multi-block copolymers with polyurethane, polyester, and 
polyamide hard segments, short chain polyethers are frequently employed as the soft segment 
component.
21
 In some cases, polyesters (poly (ε-caprolactone)) are used. The polymers that 
have polyester soft segments are tougher and are more resistant to oils, solvents, and thermal 
degradation
21
 where as analogues with polyether soft segments have better hydrolytic 
stability and are more flexible at low temperatures. The soft phase in multi-block copolymers 
with polyethylene hard segments consists of ethylene-α-olefin copolymers. These copolymers 
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are often thermally stable, but are less resistant against swelling by either oils or other organic 
solvents. In addition, these systems are quite flexible at low temperatures despite their low 
upper service temperature due to the comparatively low melting point of polyethylene.
4
 
Current TPE-Es are tougher over a wide range of temperature than the thermoplastic 
polyurethanes (TPU). They are also easier, more forgiving and more cost effective in 
processing. A variety of methods are used for processing these materials, including injection 
molding, extrusion, rotational molding, flow molding, thermoforming, and melt casting.
22 
Copolyesters, which when combined with the urethanes, are expensive elastoplastics, but 
have good dynamic properties, high modulus, good elongation and tear strength, and good 
resistance to flex fatigue at both low and high temperatures. Their approximate brittle 
temperature limit is below -68°C, and their elastic modulus at -40°C is only slightly higher 
than at room temperature, meaning they provide a good retention of toughness and flexibility 
at sub-zero service temperatures. Their heat resistance up to 149°C is also an added benefit.
23
 
Thus, they compete well against traditional network rubbers such as nitriles and and 
polyacrylates. 
TPE-Es however, have some disadvantages, including chemical stability in the presence of 
hot polar materials, strong mineral acids and bases, chlorinated solvents, phenols, and cresols. 
They also have relatively high water permeability, limiting their application in areas where 
water impermeability is required.
24 
Moreover, their innate weathering resistance is low, but 
can be considerably improved through compounding with ultraviolet stabilisers or carbon 
black additives.
25
 
Applications of TPE-E include automotive hydraulic hoses, fire hoses, power-transmission 
belts, flexible couplings, diaphragms, gears, protective boots, seals, oil-field parts, sports shoe 
soles, wire and cable insulation, fibre-optic jacketing, electrical connectors, fasteners, knobs 
and bushings.
22
 
1.3 Scope, Significance and Objectives of the Study 
The materials and approaches investigated in this project have the potential to contribute 
significantly to a reduction in the various performance limitations in this class of TPE-Es, 
such as water vapour permeability (WVP), barrier properties, mechanical properties and 
thermal stability. In this study, a nanocomposite approach is investigated as a strategy to 
improve TPE-E performance. Layered silicate-based nanofillers were chosen for this study, 
as their utility has already been demonstrated in thermoplastic polyurethane (TPU) 
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nanocomposite systems, and because these nanofillers can be prepared with a high degree of 
controlled hydrophobicity or surface energy.
26
 
According to Osman et al.
27
, the identification of layered silicates with a suitable organic 
modifier was done by methodically assessing a series of organo-silicates with controlled 
hydrophobicity to enable the selection of the most TPU-compatible organo-silicate. 
Therefore, an essential point of this study is to consider the combinations of TPE-E-organo-
silicates that could achieve a more effective enhancement of the resultant property profile.  
Organo-silicate aspect ratio and weight percent (wt%) loading are also very important 
parameters, thus are investigated. The influence of these key nanofiller variables must be 
systematically explored, so that the polarity matching between the TPE-E and the organo-
silicate can be successfully achieved to promote exfoliation and dispersion. Additionally, an 
ideal organo-silicates aspect ratio and loading must be determined in order to arrive at the 
desired enhanced specific TPE-E property profile. To extend this further, the tetra-functional 
group of tetraglycidyl-4,4-diamino-diphenylmethane (TGDDM) promises to be amenable for 
cross-linking the TPE-E host polymer, as the tertiary amine on the TGDDM is able to act as a 
catalyst during the reactive melt processing.
28
 The presence of any hydrogen bond donor 
molecule in TGDDM has been reported to act as an accelerator.
29
 In this work, the hydroxyl-
groups of the selected silicate may have contributed to further acceleration for the cross-
linking reaction, thereby providing a hydrogen bond.
30 
When TGDDM is combined with an 
organo-silicate with a quaternary ammonium cation, an intercalated nanocomposite is 
produced.
31
 
More details about layered silicate nanocomposites are given in chapter 2 (section 2.2) 
Overall, this project aims to develop a TPE-E nanocomposite with excellent mechanical 
properties and barrier properties using a multi-pronged approach. More specifically, the 
objectives of this project are: 
 
1. To prepare and understand the detailed physico-chemical and thermal properties of 
organo-fluoromicas (aspect ratio ~650 nm/1 nm) and organo-hectorites (aspect ratio 
~80-120 nm/1 nm), which are single- and dual-modified with quaternary alkyl 
ammonium and alkyl pyridinium compounds with differing degrees of 
hydrophobicity; 
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2. To investigate the influence of the surface modification on the thermal and 
mechanical properties and water permeability of TPE-Es, along with the effect of 
organo-silicates type, loading and particles size;  
3. To develop a complete understanding of the “processing-morphology-property” 
relationships in the nanocomposite system; and 
4. To investigate the effect of the tetraglycidyl compound on reactive melt processing of 
TPE-E/organo-silicate nanocomposites. 
 
1.4 Thesis Outline 
This PhD thesis is structured into nine chapters. The present chapter provides general 
background information concerned with TPEs and the TPE-E sub-class. The scope, 
objectives and overall thesis structure are also presented. 
Chapter 2 presents a literature review on the topics of TPE-E: chemistry, morphology and 
properties of TPE-E; limitations of, and additives for TPE-E; permeability properties and 
hydrolytic stability of TPE-E; polymer layered silicate nanocomposites, nanoclays and 
nanoclay surface modification; methods of preparing nanocomposites; and TPE-E/blends and 
TPE-E nanocomposites.   
Chapter 3 describes the experimental methods and materials used for the preparation of 
organoclays, reactive swelling organoclays and preparation of TPE-E/organoclay 
nanocomposites via melt compounding and reactive extrusion. The essential description of 
the experimental methods is also included. 
In chapter 4, the physico-chemical properties of high or low aspect ratio organo-fluoromicas 
and organo-hectorites modified with single and dual nanoclay surface modification are 
investigated. This study includes the thermal stability of organo-fluoromicas and organo-
hectorites, and characterisation of the increase in d-spacing due to (single or dual) surfactant 
intercalation. 
Chapter 5 characterises the structure and mechanical performance of the TPE-E 
nanocomposites, incorporating low and high aspect ratio organo-silicates with various surface 
modifications (single and dual organic modifications with varying degrees of 
hydrophobicity). This chapter also provides an insight into the melt processing of a soft grade 
Hytrel® 3078 and organo-silicates to determine the best performing surface modification and 
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nanocomposite system. This work informs selection of the most appropriate formulation to 
progress further for the reactive melt studies in chapter 7. 
Chapter 6 focuses on the morphology and barrier properties of Hytrel® 3078 
nanocomposites, incorporating hydrophobic low and high aspect ratio organo-silicates. The 
in-depth processing-structure-property relationships for TPE-E nanocomposites are 
investigated and discussed. 
Chapter 7 reports on the experiments done to optimise the processing conditions for reactive 
melt extrusion. The prepared TPE-E nanocomposites are melted and compounded with the 
identical thermal history. The influence of both reactive modifier tetraglycidyl-4,4' 
diaminodiphenylmethane (TGDDM) and reactive organo-fluoromica on mechanical and 
thermal properties of the nanocomposite are investigated, along with the effect of 
modification routes on the morphology and barrier performance. 
Chapter 8 provides the overall conclusions of the work carried out in this study and suggests 
recommendations for further work on the subject. 
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Chapter 2 Literature Review  
 
2.1 Thermoplastic Copolyesters 
Thermoplastic copolyesters (TPE-Es) are block copolymers that have a generalised formula 
of (-A-B-). Typically, they are copolyether esters with alternating, random-length sequences 
of either long-chain or short-chain glycols connected by ester linkages.
1,2
 TPE-Es are similar 
in macromolecular structure to polyurethanes and polyamide elastomers. TPE-Es are 
composed of hard and soft segments; hard segments are typically multiple short-chain ester 
units, like tetramethylene terephthalate, whereas soft segments are usually aliphatic polyether 
and polyester glycols.
3,4 
TPE-Es‟ amorphous phase is composed of non-crystalline hard segments and soft segments. 
Because the crystallising melting blocks are interspersed with soft amorphous blocks, TPE-E 
exists in several forms and, as with most TPE materials, its structure can be significantly 
affected by processing. TPE-Es tend to be amorphous if the hard segments have not been 
crystallised and/or the mixture contains mostly soft segments, but highly crystalline if the 
hard segments are abundant, and have been exposed to 190ºC and long annealing times (12 
hours) to allow the hard segments to crystallise. Intermediate structures, such as 
paracrystalline, semicrystalline and liquid crystalline, are also possible. The ordered state of 
the hard segments is normally referred to as “paracrystalline”. Thus, the form of a certain 
polyester mixture depends upon the temperature at which it was formed, and the ratio of hard 
and soft segments, or composition ratio. Despite the variability of the forms it can assume, 
polyester products made up of mostly hard segments are durable because of the “virtual” 
cross links produced by partial crystallisation of the hard segments. Similar to the structure of 
water, the space (free-volume) available (by the soft segments in polyester‟s case) provides a 
cushioning that allows the structure to withstand mechanical impact greater than if it is made 
up solely of hard segments. In fact, this variability and structural versatility makes TPE-Es 
useful in many industries, as will be discussed later. For example, the shape of the plastic can 
be modified upon exposure to melting/heating. Upon cooling, it crystallises again to become 
mechanically stable. However, the morphology is usually two-phase, comprised of a more 
crystalline phase generally surrounded by a continuous amorphous phase.
1 
Aside from modifying the ratio of hard and soft segments and their processing, TPE-E can be 
modified by changing the molecular moieties that are attached to the ester; namely polyether, 
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and polyester glycols. The TPE-E can be blended with other additives or polymers to modify 
or enhance some of its properties.
5
 
As elaborated above, TPE-Es have the composition, structure and morphology that make 
them highly useful. Industrially, they are preferred because of their thermoplastic qualities, 
stable structure, and easy processability. Hytrel® is a trade name of TPE-E (copolyester 
elastomers, COPEs) as sold by DuPont. It is marketed as a thermoplastic that “provides the 
flexibility of rubber, the strength of plastic, and the processability of thermoplastics”.6 
According to the product description, Hytrel® is a polyether-ester block copolymer that has 
several grades that can be specialised to be resistant to impact, flex, extreme temperatures, 
and fatigue. Hytrel® is also unaffected by industrial chemicals, oils and solvents, although it 
is advised that the plastic is protected from UV exposure. The mechanical strength and 
durability of Hytrel® allows it to be used in a variety of ways, including seals, bushing and 
belts. Others applications are pump diaphragms and gears used in the automotive industry, 
which require exceptional fatigue resistance. Some other Hytrel® grades help solve the 
problem of dislocations and fatigue bone fractures caused by athletic injuries. These products 
offer the quality of absorbing impact, thus acting as shock absorbers in athletic shoes, which 
are specially designed to help elite athletes achieve better performance and avoid injury.
6
 
Hytrel® has a high degree of permeability to polar substances, such as water. Its low 
permeability to refrigerant gases and nonpolar hydrocarbons allow it to be an effective 
conduit for transmitting gas for heating, cooking, and refrigeration. Additionally, due to the 
increasing demand to be environmental-friendly, DuPont has also produced a variant of 
Hytrel® called Hytrel® RS (Renewably Sourced), which is comprised of 35-65% renewably 
sourced material, without compromising quality.
6-8
 
Because of the many ways by which TPE-E can be modified to cater for different uses, many 
other manufacturers have also been experimenting with thermoplastic elastomers (TPEs). For 
example, Walia et al.
9
 made poly(hydroxy ester ether) (PHEE), which has pendant hydroxyl 
groups attached to the polyester base. According to these researchers, the hydrophobic PHEE 
has a reduced permeability to water vapour, as opposed to water-permeable Hytrel®. 
However, the mechanical properties of PHEE grades are surprisingly sensitive to water 
content. Several studies
10,11 
have been conducted in detail regarding the mechanical property-
moisture relationship of PHEE and they found that the modulus and tensile strength 
decreased with increasing moisture content. For example, the modulus decreased from a 
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value of 1000 MPa at 0% relative humidity (RH) to about 40 MPa at 50% RH.
10
 This is due 
to the critical shift in the glass transition temperature (Tg) of PHEE, relative to ambient 
temperature, from 45°C in the dry state to 10°C at 5% moisture.
11
 
2.1.1 Chemistry, Morphology and Properties 
The development and modification of TPE-Es has involved several chemical processes, 
including polycondensation, polyaddition and chemical modifications. Formation of the 
different TPE families varies significantly, accounting for the differences in properties and 
applications.
1
 The formation of block copolymers involves the reaction of two or more 
different difunctional oligomers in the presence of a coupling agent.
12
 The first step in this 
process involves the formation of blocks through initiation by difunctional oligomers, 
followed by polycondensation and polyaddition of the formed blocks, or oligomers. The 
polymerisation process involves different forms of polymerisations, including anionic and 
cationic, as well as controlled radical polymerisations. 
Generally, TPEs are formed from the polymerisation of long flexible blocks, which account 
for the matrix‟s elasticity properties, with non-flexible sequences interconnecting the 
different blocks in the chain.
13
 The chemistry of TPE-E has evolved over the years, with 
every additional step enhancing the properties of these materials.  Some of the common TPEs 
produced through the process of polycondensation include poly (amide-b-ethers), polyester-
based and polyurethanes.
14
 In addition to the polymerisation process, chemical modification 
further plays a critical role in the chemistry of TPE-Es.  The chemical modification process 
involves alteration of oligomer end groups to facilitate the polycondensation of the oligomers 
to form the final material.
9
 The chemical modification of the difunctional oligomers is critical 
in enhancing the TPE properties to be tailored for different applications, as well as facilitating 
the reaction of the different oligomers to form the desired materials. 
Morphologically, TPE-E consists of crystalline lamellar in an amorphous matrix forming 
microstructures that are comprised of hard domains and soft domains.
15
 The hard domains in 
TPE-E tend to be regular in size and shape, with the regularity of the hard domains 
determining the flexibility of the material. The morphology of polyester-based TPE exists in 
two phases: the crystalline and the homogenous amorphous phase.
16
 The morphology of 
TPE-E is strongly determined by the composition of the copolyesters, particularly the hard 
sequence component. TPE-E may sometimes assume a spherulitic structure at a larger length 
scale, somewhat similar to semi-crystalline homopolymers, such as isotactic polypropylene.
17
 
 13 
 
Different studies have revealed that the amorphous state of the material results from shorter 
sequences and extremely long units that hardly crystallise.
18
 Furthermore, the extent of 
microspace between the amorphous state depends on the building blocks‟ lengths and the 
composition of the molecule. TPE-E has been widely applied in the industrial sector, where 
they replace thermoplastics.
19
 These materials are applied under circumstances requiring 
enhanced impact resistance, flex fatigue resistance, and flexural and compressive properties. 
Notable applications include material for automotive hydraulic tubing, gaskets, fibre-optic 
cables and insulation of electric cables, amongst other industrial uses.
20
 
TPE-Es‟ amazing versatility and utility stems from its specialised structures. TPE-E has a 
biphasic structure, with one phase remaining soft at room temperature and the other 
remaining hard at room temperature.21 The soft segments are amorphous while the hard 
segments are structured/crystalline, and both the segments are immiscible.2,22 The hard 
segment becomes fluidic when heated and imparts a thermoplastic nature to the polymer, 
while the soft segment imparts an elastomeric nature.21,22 The hard segments form 
noncovalent networks that are thermally reversible, relying on intramolecular interactions for 
their stability.2 A simple TPE-E copolymer structure comprises of alternating A-B-A blocks, 
where A is the hard phase, and B is the soft phase.21 The hard and soft phases are randomly 
joined head-to-tail, yielding the copolymers.4 The general structure of TPE-E copolymers is 
as follows: 
 
 
                                Soft segment                               Hard segment 
where, 
AR = the aromatic moiety of the dicarboxylate; 
D = the alkylene portion of a short-chain diol; and 
x = the number of tetramethylene ether units in the polytetramethylene glycol (PTMG) 
 
In the case of TPE-E, the soft phase comprises of polyethers while the hard phase comprises 
of polyesters. By varying the relative amounts of each of these two phases, the properties of 
the copolymer can be modulated.4 Electron microscopic studies by Cella23 have shown that 
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phase separation occurs in these polyether-polyester copolymers below their melting points. 
The morphology of TPE-E comprises of the soft segment (polyether), which is the continuous 
amorphous phase, along with interspersed segments of polyesters that have not been 
crystallised because of their small size, high melt viscosity or due to chain entanglement. 
While some of the polyesters remain as short segments in the soft continuous phase, the 
remaining polyesters exist as closely-connected fibrillar crystalline lamellae. This crystalline 
network of the hard phase along with the soft amorphous continuous phase forms an elastic 
network. In simple terms, as described by Witsiepe4, “a more or less continuous crystalline 
network is superimposed on a continuous amorphous network”. 
The chemical structure of the hard and soft phases of TPE affects its mechanical properties. 
Therefore, by experimenting with different compounds, TPE with novel properties can be 
developed for industrial purposes. Examples of industrially-prominent TPE-E include 
Hytrel®, Arnitel®, RTP®, Pibiflex® and Keyflex® BT.
24
 Hytrel® is available in varying 
compositions of m tetramethylene terephthalate, which is the hard segment, and n 
poly(tetramethyleneoxy) terephthalate, which is the soft segment.
2
 The chemical structure of 
Hytrel® is shown below: 
 
 
The distribution of the copolymer blocks is assumed to be random.12 
Similar to all TPE-E materials, Hytrel® has the flexibility and elasticity of rubbers and the 
strength and rigidity of plastics, is as easily processable as thermoplastics and comes in both 
standard and high-performance grades with a Shore D hardness ranging from 30 to 82.
1
 C
13 
NMR studies by Jelinski et al.
2
 have shown that the widths of the aliphatic carbon chain of 
the soft segment of Hytrel® are a linear function of the average length of the hard block and 
are independent of temperature in the range of 30–110ºC. They have also shown that there is 
negligible mixing of the soft and hard phases at the boundaries of the domain, and that a 
constant phase separation is maintained in the elastomer structure. The proposed morphology 
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of Hytrel®
4
, showing the hard crystalline phase of m poly(butylene terephtalate) and the soft 
amorphous phase of n poly(tetramethylene oxide) is illustrated in the following diagram: 
 
Figure  2.1 Schematic diagram of the proposed morphology of copolyester elastomer.4 
Much research has taken place in the field of TPE-E, and experimentations often yield new 
copolymers with better properties than those before. For instance, Versteegen et al.
25 
have 
shown that block copoly(ether urea)s with two uniform hard blocks of two urea groups 
possess better mechanical properties than most commercially available TPE-Es. 
Several structural modifications have been attempted on Hytrel® to yield polymers with 
better properties. Such experimentations have also been attempted for a better understanding 
of the properties and morphology of Hytrel®. Studies by Aso et al.
26
 have shown that the 
addition of SiO2 nanoparticles to Hytrel® results in an improved creep resistance and the 
dimensional stability of the elastomer. However, Table 2.1 shows a summary of the 
combination of modified properties that are rarely observed for nanocomposites based on 
Hytrel®.
26
 
 
 
 
 
  
 
 
 
 
  
 
 
 
  
 
 
 
 
 
 
 
 
 
  
   
 
 
 
  
  
 
  
m poly(butylene terephtalate) crystalline phase (hard segment) 
Uncrystallised 
hard segment 
Junction of the crystalline lamella 
n poly(tetramethylene oxide) 
amorphous phase (soft segment) 
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Table  2.1 Summary of improved properties on nanocomposites based on Hytrel®.26 
Property Improvement 
Modulus of elasticity 
The addition of unmodified SiO2 (6 wt%) lowers the 
movement of the matrix inside the filler aggregation 
and, thus, the modulus reaches a 27% increase when 
compared with that of the pure Hytrel®. However, the 
modulus is slightly increased when using silane 
modified SiO2, due to the presence of a flexible silane 
interphase and the plasticisation effect. 
Elongation at break 
The addition of modified SiO2 (6 wt%) slightly 
increases elongation. The opposite effect is seen when 
unmodified SiO2 was used, which indicates a 
reduction in the matrix deformation due to the 
introduction of mechanical restraint. 
Tensile strength 
The addition of both SiO2 and mSiO2 show that the 
tensile strength is very similar to that of elongation at 
break. This is because both parameters are closely 
related in these composites, where the stress steadily 
increases with elongation throughout the full stress-
strain curve. 
Creep resistance The presence of both the SiO2 and mSiO2 significantly 
improve the tensile creep of a material. 
Dimensional stability 
The addition of SiO2 and mSiO2 (6 wt%), slippage and 
movement of polymer chains restricted by particles. 
The decrease in creep elongation of 48% and 64% 
with mSiO2 and SiO2, respectively, indicate that SiO2 
presence is more effective at hindering deformation. 
This is in agreement with the higher modulus of 
elasticity. 
 
Morphological studies of the resultant polymer show that SiO2 dispersed in the polymer and 
did not affect the crystalline and amorphous phases of Hytrel®. Kwak and Nakajima
27
 
extensively studied morphological changes in Hytrel® following mechanical mixing with 
polyvinyl chloride (PVC). They showed that both Hytrel® and PVC microsatellites remain as 
pure phases dispersed in a mixed matrix. Therefore, mixing of Hytrel® and PVC yields a 
multiphase morphology, with Hytrel® and PVC existing as separate phases, along with a 
third phase comprising of a mixed amorphous matrix. Similar studies have been conducted by 
Nishi et al.
28
 who have shown that there is a marked increase in Young‟s modulus of the 
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Hytrel® and PVC when Hytrel® is present in a concentration of 50% or lower. They have 
also shown that such a mixing results in the dispersion of PVC in the soft segment of Hytrel® 
when the mixture is cooled from 150ºC to room temperature. Upon annealing at 130ºC, the 
mixture shows phase separation with phase domains of 100 Å in size. Sreekanth et al.
29,30
 
have investigated the effects of the addition of fly ash and mica on the mechanical properties 
of Hytrel®. They have shown that the presence of these fillers in the polymer leads to an 
increase in its modulus, flexural strength, and thermal and electrical properties. 
Morphological studies reveal that the fillers disperse well throughout the polymer at low 
concentrations. UV irradiation of Hytrel® leads to dramatic morphological changes due to 
photo-oxidation
22
, which, consequently, leads to a mixed morphology by improving the 
compatibility of the two phases. 
2.1.2 Limitations of TPE-E 
One of the limitations of TPE-E includes high water permeability in which copolyester 
elastomers are generally very permeable to polar molecules, such as water, but impermeable 
to nonpolar hydrocarbons and refrigerant gases.
1
 This limitation consequently limits the 
applicability of the materials in areas where water impermeability is required. In addition, 
copolyester elastomers are not resistant to extended sunlight exposure, leading to the need for 
additional chemical UV absorbers, such as benzotriazoles or titanium dioxide during 
manufacturing.
31
 
Another limitation associated with TPE-E materials revolves around their thermal properties; 
copolyester elastomer degrades rapidly when exposed to elevated temperatures.
3
 However, 
this disadvantage can be overcome through the addition of antidegradants, such as phenolic 
antioxidant and a secondary amide antidegradant, which enhances the thermal stability of the 
material. 
Due to the characteristic low shear rate at low viscosity, TPE-E materials are limited to 
applications with low-shear processes, such as melt casting and impregnation of porous 
substrates.
32
 TPE-E offers better performance compared to other polymers, but only with the 
right composition to overcome some of the avoidable limitations associated with the 
copolyesters. It provides benefits such as improved heat resistance, fluid resistance strength, 
sealability and elastic recovery. 
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2.1.3 Additives for the Modification of TPE-E 
Chain extenders are one of the additives that serve to reverse molecular weight (MW) 
damage caused by the process of hydrolysis of TPE-E. There are two functional groups that 
are capable of additional reactions on the terminal hydroxyl and carboxyl groups of 
copolyester. The chemical that reacts with the end groups of polycondensates can be used for 
chain extension. It should, however, be noted that the applicability of the compounds suffers 
from severe side reactions. Solid-state condensation is conducted in order to increase the MW 
of polyesters. The process of solid stating is performed using tumble driers that are under 
high vacuum and high temperatures for prolonged periods.
33
 This process enables the stable, 
controlled addition and reaction of chain extenders. A typical chain extender is illustrated in 
Figure 2.2.  
 
Figure  2.2 The structure of a common multifunctional epoxy-based chain extender for TPE-
E; tetraglycidyl-4,4-diamino-diphenylmethane (TGDDM). 
The process of adding chain extenders randomly induces branched molecules that give rise to 
an increased elongation of the melt viscosity.
34-36
 This results in foaming of the polyethylene 
terephthalate (PET), thus allowing the production of closed-cell foams. The multifunctional 
epoxy-based modifiers are used to increase the melt strength of the PET. Modifier 
concentration of PET as a result of the chain extender is characterised by an eightfold 
increase of the Z-average molecular weight, and also the presence of branched molecules of 
large mass.
34,35
   
Typical chains added to polyesters are considered to react with the hydroxyl and carboxyl end 
groups of polyesters at a very fast reaction rate at high temperatures. The results obtained 
from such additional processes indicate a significant decrease in the chain extended 
polyesters due to the addition of diepoxy. The notched Izod impact strength and elongation at 
break are known to increase due to the extended polyester chains.
36 
It should also be noted 
that chain extended polyesters are more thermally stable. The process described here is 
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preferred, as it is simpler and cheaper when obtaining the high molecular weight polyester 
resins.
33,36  
 
However, there are also downsides to the use of multifunctional epoxy-based modifiers such 
as TGDDM. The most noticeable shortcoming is that the TGDDM failure strain is low 
(approximately 1.5%).
37,38
 This associates with the formation of large delaminations upon 
impact and, as a result, low compression strength after impact. A second drawback is water 
absorption, where the reaction of every epoxy amine generates hydroxyl groups. This results 
in a reduction in the Tg. 
 
2.1.4 Permeability Properties of TPE-E 
One of the considerable effects of the incorporation of nanoclays in polymer matrix 
properties is the potential for dramatic improvements of the barrier properties. TPE-E clay 
sheets are generally regarded to be impermeable. The presence of clay in the structure of the 
polymer is considered to increase the barrier properties by creating a “maze” or tortuous path 
that retards the diffusion of gas molecules through the polymer matrix. The amount of 
impermeability introduced by the presence of the clay in the polymer matrix depends on the 
degree of tortuosity that is created by the clay layers in the way of the diffusion of the 
molecules. The tortuous factor depends on the ratio of the actual distance that the diffusive 
molecule is likely to walk, which equates to the shortest distance to diffuse
39
, as depicted in 
Figure 2.3. This is commonly referred to as polymer film thickness. The tortuous factor is 
commonly affected by the aspect ratio of the clay that is dispersed in the polymer matrix. As 
such, the length of the clay sheet is considered to expand as a result of the increasing 
exfoliation and the greater barrier enhancement in the polymer matrix.
38,40
 
According to Yano et al.
40
, a high nanoclay aspect ratio leads to improved tortuosity and 
resistance to penetrants travelling through the nanocomposite. Alternatively, the diffusivity of 
the host matrix may be changed through the inclusion of filler particles.
38
 In addition, the 
high aspect ratio can also be achieved through changing the orientation of the polymer 
crystallites.
41
 Improved barrier resistance does not always occur with the incorporation of 
filler. In some circumstances, deficiencies at the matrix-filler interface, the disruption of 
molecular packing, or increases in the size of the free volume element in the matrix occurs, 
leading to increased flux through the polymer matrix.
42
 However, the presence of the 
inorganic phase in polymer nanocomposites can affect the size and the number of the free 
volume cavities, particularly at the interfaces; hence, the change in the permeability of such 
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systems is a balance between the barrier efficiency of the impermeable platelets and the 
potential of free volume to increase in the matrix.
43
 
Lansink et al.
44
 prepared semi-permeable TPE-E nanocomposites via melt extrusion using a 
commercially available clay filler to promote the exfoliation of clay layers. They claimed that 
the TPE-E melt process in general, and extrusion coating in particular, are considered more 
viable than lamination. This is because the melt process combined the production and 
bonding of the barrier layer to one or two clay layers into one step. Extrusion is 
predominantly favoured by the formation of “endless” products (i.e. for products which 
appear at continuous length).  
 
 
 
 
 
 
 
2.1.5 Stability of TPE-E 
The chemical and physical stability of TPE-E materials is critical during processing and 
while the materials are in service. Thermal oxidation occurs when exposure to thermal energy 
leads to the generation of radicals (molecules with unpaired electrons). In hydrocarbon 
polymers, the radicals react with the carbon (carbon atom has unpaired electrons) forming an 
alkyl radical that finally reacts with the atmospheric oxygen. This process leads to 
degradation, characterised by embrittlement, decomposition and a decrease in molecular 
weight tests.
45,46 
Stabilisation against oxidation is done by the inclusion of primary 
antioxidants, such as sterically hindered phenols and secondary antioxidants (e.g. 
phosphorous acid esters and thioether). 
The hydrolysis stability can be determined by two methods.
47
 The first method involves 
immersing the samples in aqueous buffer solutions of pH 1 and 13 at 100°C for 144 hours 
and then checking the changes in tensile strength, volume, and hardness. The second involves 
subjecting the material to a humidity of 95% at 80°C for 336 hours before checking the 
Conventional composites "Tortuous path" in layered silicate 
nanocomposites 
Figure 2.3 Conventional composites and the formation of a „tortuous path‟ in polymer/clay 
nanocomposites. 
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properties.
48
 According to Zhang et al.
49
, hydrolysis causes the breakage of ester linkages and 
the formation of a carboxyl group. The carboxyl group is hydrophilic, and it decreases the 
hydrophobicity of the material. Besides this, some cross-linked products are also formed in 
large amounts, especially in accelerated weathering tests.
50
 Polyesters readily hydrolyse, and 
hydrolysis can either occur during processing, or as part of the longer-term environmental 
aging process.
51
 In order to enhance stability against hydrolysis, the materials should be well 
dried before moulding and thorough evaluation of durability of the final product should be 
done before release to the market.
52
 
2.2 Polymer Layered Silicate Nanocomposites 
One of the traditional ways of reinforcing polymers has involved inorganic fillers that have 
been added to improve the mechanical properties of the polymers, and in some instances can 
also reduce cost. Some of the conventional fillers that were used for reinforcement include 
calcium carbonate, talc and fibres, such as glass. This form of reinforcement could only 
improve the properties of the polymers after incorporating large amount of fillers, typically 
up to 20-30% by weight. This, however, led to the loss of transparency of the composites and 
also increased the bulkiness and density of the composite materials.
53
 It also often led to a 
decrease in ductility and toughness, and partially compromised surface quality. 
The recent past has witnessed a wave of innovation of new materials that contain functional 
hybrids of both polymeric materials and inorganic fillers, often on the nanoscale, which have 
been developed to better combine the constituent beneficial properties. Such mechanisms 
have led to the development of the polymer nanocomposites. Polymer nanocomposites are 
considered to be a new class of hybrid materials, characterised by being on the nanoscale and 
containing at least one component with dimensions smaller than 100 nm. These 
nanocomposites have been realised to offer the opportunity of exploring new functionalities 
and property profiles that are beyond those possible with the conventional materials. One of 
the compelling advantages of nanoparticles is their ability to influence the properties of the 
composites at very low volume fractions; in other words, when incorporated properly, they 
have the potential to provide a far superior reinforcement efficiency. In a high quality 
nanocomposite with good dispersion and nanofiller-matrix adhesion, the nanofillers will have 
small interparticle distances and excellent load transfer capacity occurring in the large 
fraction of the polymer matrix participating at the surface. This provides the opportunity to 
potently influence both properties and complex morphologies.
54 
This is the reason enabling 
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the use of lower filler volume fractions, which again influences the retention of macroscopic 
homogeneity, as well as maintaining a lower density of the resultant composite. It can also be 
said that the geometrical shape of the nanoparticles can play a significant role in determining 
the properties of the composites and spherical or one dimensional nanofillers, such as fumed 
silica or other metal oxides, have been employed
55,56
; however, due to their attractive aspect 
ratio, layered silicate based nanocomposites have been one of the most intensively-studied 
and commercially-translated classes of nanofillers.
57 
Cloisite 25A has been used in a large part of polymer nanocomposite work.
58,59
 Polyurethane 
containing Cloisite 25A nanocomposite was developed in Korea as a low-priced substitute for 
polyester-polyurethane copolymer.
60
 In addition, Chang and An
61
 reported good dispersion 
and the high mechanical properties obtained from the surface modifier‟s ethyl side-branch of 
Cloisite 25A. It is believed that the ethyl side-branch disrupts the surface modifier packing 
and, hence, provides higher free volume for intercalation, where the increased chain 
entanglements within the matrix can lead to improved tensile properties.
61
 
Layered silicate nanocomposites can be classified into three categories according to how 
effectively the organoclay platelets have been swollen and dispersed, as shown in Figure 2.4. 
These include (a): intercalated nanocomposites, the organoclay tactoids or stacks are slightly 
swollen by the host polymer, and retain some degree of registration or long-range order, 
irrespective of the clay to polymer ratio. Intercalated nanocomposites are intercalated by a 
few molecular layers of polymer and typically give rise to significant x-ray diffraction 
signatures; (b) flocculated nanocomposites: theoretically these are similar to intercalated 
nanocomposites. However, silicate sheets are flocculated because of the hydroxylated edge-
edge interaction of the silicate layers; and, (c) exfoliated nanocomposites: in an exfoliated 
nanocomposite, the individual clay layers are disconnected by an incessant polymer matrix 
by a larger mean distance that is often a function of clay loading. Usually, the clay content of 
an exfoliated nanocomposite is much lower than that of an intercalated nanocomposite, and 
more discrete organoclay platelets exist, usually without any remnant order, often resulting in 
no or very weak broad x-ray diffraction signatures.
62
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Figure  2.4 Types of nanocomposites: (a) intercalated nanocomposites; (b) flocculated 
nanocomposites; and (c) exfoliated nanocomposites. 
In addition, classification of polymer/clay nanocomposites takes place depending on the level 
of exfoliation and the intercalation of chains of polymer into clay structure. Parameters 
responsible for classification include the polymer matrix, the method of preparation or 
processing, the organic modifier chemical structure, the chain length and hydrophobicity, and 
the nature of the clay (natural, synthetic, aspect ratio, charge density, level of metal or salt 
impurities, etc). Therefore, variation of these parameters can greatly influence the outcomes. 
The objective of the addition of silicates in polymers is to achieve the properties of 
nanocomposites that are desired. The need for lower loading also leaves clay/polymer 
nanocomposites in demand. The final properties are affected by the conditions and method of 
preparation. There are numerous factors that lead to the difference in structure of 
nanocomposites.
63
  
2.2.1 Nanoclays 
Nanoclays are clay minerals that are optimised for use in clay nanocomposites. They are 
considered to have a multi-functional material system that has several property 
enhancements, which are targeted for specific applications. A good example of nanoclay 
material is polymer clay, which is considered to be a well-researched material. It can also be 
said that nanoclays form a class of naturally occurring, inorganic minerals. The most 
commonly used nanoclay is the plate-like montmorillonite, which is used in material 
applications. The class of montmorillonite nanoclays consist of 1 nm thick aluminosilicate 
layers that are surface substituted with cations of metals and stacked in 10 micro-sized 
multilayers. The resulting stacks are dispersed in a polymer matrix in order to form polymer-
clay nanocomposits.
64-67 
Figure 2.5 illustrates the multilayer stacks of the aluminosilicates. 
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Figure  2.5 (a) Thick aluminosilicate surface layer substituted with metal cations; (b) 
transmission electron microscopy image of the polymer-clay nanocomposite containing 2 
wt% nanoclay.
68
 
The individual nanometre-thick clay layers within the nanocomposites are considered to be 
fully-separated and, hence, form plate-like nanoparticles that have a very high aspect ratio. 
The entire nanocomposite is considered to contain an interfacial polymer, where the majority 
of the chains of the polymer reside close to and in contact with the clay surface. Such an 
arrangement is considered to change the properties of the nanocomposites compared with a 
pure polymer. Some of the potential benefits that can be accrued from such an arrangement 
include increased mechanical strength, superior flame resistance, decreased gas permeability 
and enhanced transparency whenever dispersed nanoclay plate suppresses polymer 
crystallisation.
64-67,69 
 
2.2.2 Surface Modification 
The physical combination of a polymer and layered silicate may not always result in a 
nanocomposite. This situation is similar to polymer blends, and in most cases, separation into 
discrete phases takes place. In immiscible systems, which typically resemble the more 
conventionally-filled polymers, the deprived physical interaction between the organic and the 
inorganic components leads to poor mechanical and thermal properties. In contrast, strong 
and carefully-tailored interactions between the polymer and the layered silicate can result in 
homogenous distribution and dispersion.
70
 As a result, well-prepared nanocomposites can 
display distinctive properties not shared by their micro counterparts or conventionally filled 
polymers. For example, pristine layered silicates usually contain hydrated Na
+
 or K
+
 ions. 
Obviously, in this pristine state, layered silicates are only miscible with hydrophilic 
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polymers, such as polyethylene oxide or polyvinyl alcohol. To enhance the miscibility of 
layered silicates with other more hydrophobic host polymer matrices, one must modify the 
hydrophilic silicate to a more organophilic state. Most typically, this is done by ion-exchange 
with cationic modifiers, including primary, secondary, tertiary, and quaternary alkyl 
ammonium or alkylpyridinium cations.
71
 These cations, when exchanged in the right amounts 
in the galleries of organosilicates, can effectively reduce the surface energy of the inorganic 
host and enhance the wetting characteristics by the polymer matrix, and result in a greater 
degree of swelling and exfoliation and, ultimately, molecular interactions and stress transfer 
over a much larger interfacial surface area.
72
 Additionally, the alkylammonium or 
alkylpyridinium cations can deliver functional groups that give rise to some reactions with 
the polymer matrix, or in some cases, enabling initiation sites for the polymerisation of 
monomers to advance the strength of the interface between the inorganic and the polymer 
matrix. Traditionally, structural characterisation to measure the degree of alignment and 
arrangement of the organoclays has been performed using wide-angle X-ray diffraction 
(WAXD). Depending on the organic modifier exchange density, temperature and alkyl chain 
length, the chains are assumed to lay either parallel to the silicate layers creating mono- or 
bilayers, or stretch away from the silicate layers, resulting in mono bimolecular 
arrangements.
70
 Figure 2.6 can be used to illustrate the possible orientations of 
alkylammonium ions in the clay layers with different layer charge densities. 
 
Figure  2.6 Arrangement of alkyl-ammonium ions in mica-type layered silicate with different 
layer charges.
73
 
In the organic modification, the exchange of monovalent hydrated cations, such as sodium, 
are most preferred in the formation of organoclay nanofillers. This is because the di-valent 
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and higher charge cations normally stop the layers from swelling with water. This particularly 
applies to the natural clays (e.g. bentonites and montmorillonites), which can naturally 
include higher amounts di-valent cations, such as calcium, which then require an additional 
exchange process with sodium to improve swellability, before the ion-exchange with 
alkylammonium salts. These also make the salt easily substituted by different positively-
charged atoms, as shown in Figure 2.7. The operation of exchanging ions usually lowers the 
energy of the surface of the inorganic host and produces enhanced wetting properties with the 
host polymer.
39, 69
 
 
 
 
 
 
 
2.3 Preparation Methods of Nanocomposites 
Well prepared polymer nanocomposites can have many advantages. They can have a high 
degree of strength and stiffness, while retaining low density and melt formability. They can 
offer an enhanced barrier to diffusion without necessarily involving multiple laminated 
polymer layers. In addition, they have strong multi-polymer properties that make them 
preferable for many mechanical applications. A homogenous dispersion of nanoparticles in 
the structure exists, which is a requirement in order to achieve the desired properties.
62
 The 
model should also initiate a parallel alignment with an external load. There are many methods 
for preparing nanocomposites with silicates, and they can be classified in several ways 
according to the overlapping of layers. Layered silicates are applicable as fillers due to their 
superior mechanical properties. Modification of the layered silicates is done by organic 
surfactants to enhance compatibility with different polymer matrices. Modifications aim to 
initiate cost effectiveness in the system. Production is done at low loading and the 
nanocomposites exhibit good material properties and are cost-effective.
39,69
  
 
 
 
Figure 2.7 Intercalation of alkali ions between the clay layers. 
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2.3.1 Melt Compounding 
Intercalated polymer-clay nanocomposites can be prepared via polymer melt intercalation 
using a long-chain of primary and quaternary alkylammonium-exchanged clays. The 
organoclay can be mixed with a commercially-available polymer at a temperature that is 
above the Tg, via melt processing. This will create diffusion of the polymer into the clay 
galleries, with the diffusion speed depending on the polymer molecular weight, surfactant 
properties, processing temperature and the interactions between the organoclay and the 
polymer. The delamination and dispersion is then monitored by the X-ray diffraction and by 
transmission electron microscopy. The resulting silicate (clay)-polymer nanocomposites 
generally exhibits excellent barrier properties. Typically, they can result in a several-fold 
reduction in the permeability of the small gas molecules. This is due to the formation of a 
tortuous path in the presence of the clay in the nanocomposites, as discussed earlier.
74
  
2.3.2 Reactive Extrusion 
One very attractive approach to continuous polymerisation, and indeed the incorporation of 
nanofillers, is reactive extrusion. Reactive extrusion can also be used to chemically modify 
polymers in the melt in order; e.g. to successfully add any functional groups that are essential 
for improving the features of the polymer. The processing of a polymer can be effectively 
done through reactive extrusion, which has a significant role to play in the process of 
polymerisation, grafting, branching or functionalisation, which are all important chemical 
reactions involved with polymers.
75 Other studies also reveal that “reactive polyurethane 
adhesives and sealants based on prepolymers with free isocyanate groups are characterised by 
an extremely good performance profile”.76 The importance of the nanocomposites, and 
particularly the polymers that have been passed through the reactive extrusion method, has 
been increasingly realised in modern time.
77 
 
As Jia et al.
78
 discussed in their studies, the technique of reactive extrusion that is used for 
polymerisation is generally integrated into the processing of the polymer. However, the 
technique involves complex relationships between the velocity, pressure, viscosity and 
macromolecular weight of the fluid, depending on which measures need to be considered to 
deal with such complexities. Researches
79,80 
have been conducted on nanocomposite 
preparation using reactive extrusion to make use of the water injection system. Through such 
experiments, it has been concluded that the extrusion method through water injection 
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increases the dispersion of clay within the material, as well as enhancing the properties of the 
polymer.
81 
2.3.3 In situ Polymerisation 
In-situ polymerisation involves a chemical reaction that results in the formation of a very fine 
and thermodynamically stable reinforcing phase that is incorporated within a polymer matrix. 
The process of in-situ polymerisation involves the dispersion of silicate layers in the liquid 
monomer, or even in relatively low molecular weight precursors contained in their solution.
82
 
The homogeneous mixture formed is added and exposed to the appropriate source of light 
and heat, allowing polymerisation to occur in situ, resulting in the polymer.
39
  
2.3.4 Solvent Casting 
In the solvent casting method, a polymer is solubilised in an organic solvent, and the layered 
silicates are dispersed in the resulting solution. The solvent is then allowed to evaporate, 
leaving the nanocomposite behind, typically as a thin film. The solvent imparts the enhanced 
mobility the polymer needs in order to intercalate between the silicate layers, while thermo-
dynamic compatibility combined with physical mixing gives rise to a dispersed system. There 
are some limitations to the solvent casting method, e.g. the selective solvent must be able to 
completely dissolve the polymer and disperse the nano-silicate.
83
 
2.4 Thermoplastic Copolyester Composites and Blends 
Polymer blending has emerged as a critical pathway in the formation of polymers with 
enhanced physical and processing properties, as well as general optimal cost performance.  
Low melt viscosity and melt stability allows thermoplastic polyester elastomers to be blended 
with either completely different polymers or other TPE-Es. 
TPE-E blending translates into improved impact resistance at low temperatures, as well as 
enhanced compatibility in mixtures when the blending is carried out using completely 
different polymers.
70
 Blending takes place in two ways, including physical mixtures, which 
account for most TPE-E and polymer blends, and the condensation process involving 
condensation polymers, such as polyamides, and polyesters. Extrusion reaction blending 
involves changing the polymer structure through a chemical reaction.
84
 In this form of 
blending, functional units are introduced by a copolymerisation reaction or by grafting during 
the extrusion phase. An example of this form of blending involves the reaction between PET 
and polyamide. 
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Studies have revealed improvements in the mechanical properties of TPE-E blends with 
components of flexible PVC, such as enhanced tear and impact resistance strengths, low 
temperature flexibility, modulus and elongation.
85
 Such TPE-E/PVC blends are commonly 
applied in the manufacturing of tubes, hoses, and acoustic damping.
27
 Polycarbonate (PC) 
blends dominate among other engineering thermoplastics blends, including polycarbonate 
bisphenol (PC/TPE-E) blends prepared in the melt phase without any exchange reaction, and 
TPE-E/Poly(hydroxyl ether of bisphenol A).
11,86
  Co-crystallisation of PBT/TPE-E blends 
results in formation of a TPE-E composite reinforced by microfibrillars of the PBT polymer, 
known as microfibrillar reinforced composite.
15
 
The inherent good properties of TPE-E coupled with high toughness largely contribute to its 
applications in blending and extrusion chemical modifications to produce polymer materials 
that have enhanced commercial characteristics. For instance, the use of diisocyanate 
compound as a reactive modifier enables the compatibility of TPE-E and polylactic acid 
(PLA) with the subsequent formation of improved polymer material.
87
 Effective cross-linking 
of both TPE-E and PLA mainly occur through active groups, including carboxyl and 
hydroxyl, and they are essential in the realisation of improved product.
88
 Improved 
compatibility during modification is vital to the retention of the initial properties, while also 
incorporating the desired enhancements. The addition of modifier chemicals, such as 
diisocyanate, helps to improve the inherent brittle properties of PLA, and subsequently 
enhances its ductility. 
The modification of TPE-E to produce sophisticated copolymers with commercial importance 
has spanned both polymer and plastic industries. The developments have subsequently led to 
the introduction and perfection of contemporary reactive extrusion techniques for the 
blending of polymers with desirable properties. Most importantly, extruders have maintained 
their presence as continuous flow reactors imperative to the modification of such polymers as 
PET, PLA and polystyrene to produce commercially important copolymers.
89
 For instance, 
using reactive extrusion to prepare elastic copolyesters that have high molecular weight, 
mainly with the assistance of 4, 4-diphenylmethane diisocyanate (MDI), results in imperative 
polymers used in the laser printing process.
90
 
Essentially, it is necessary to affirm that the process of obtaining copolymers, such as TPE-E, 
from reactive extrusion and modification using dual modifiers includes the proper evaluation 
of imperative factors. The most imperative dual modifier used in blending and extrusion of 
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polymers to produce copolymers with commercially desirable properties includes TGDDM. 
The modifiers have an epoxy chemical group that easily interacts with hydroxyl and carboxyl 
functional groups of the given polymer, such as PET or PLA.
91
 However, consideration of 
underlying critical factors, including temperature, catalysts and end groups applicable in 
oligopolymer synthesis, helps in the attainment of desirable results. Effective control of the 
critical factors besides the identification of an appropriate compatibiliser is vital in the 
attainment of enhanced plastic polymers.
92
 
Besides PLA/TPE-E blending, the reactive extrusion process also finds fundamental 
applications in enhancing PET properties. The enhancement of PET extensional viscosity is 
vital in the improvement of its desired qualities, including foaming.
33-35, 93
 Reactive extrusion 
with the assistance of epoxy modifiers accomplishes the task of improving PET desired 
qualities. The increase of the molecular mass of PET through cross-linking helps to enhance 
its extensional viscosity. The use of epoxy modifiers remains imperative in effective 
extrusion by enhancing the interaction between the carboxyl groups and the used chemical. 
Modification of PET is imperative in improving its foaming characteristics; a property that is 
fundamental in the manufacturing of specific insulation panels. PET‟s foaming ability results 
when the plastic inherently has a higher melting strength.
34
 Extrusion helps in the 
stabilisation of PET foams through rapid induction of large extensional deformations. During 
the extrusion process, it is vital to account for the size and structure of the modifier. 
Accounting for such factors helps in ensuring the appropriate solubility needed for PET 
reactivity. Moreover, evaluation of homopolymerisation and thermal stability in the epoxy 
modifier assists in the realisation of better results.
94
 
Chain extenders remain necessary in improving the molecular weight of PET polymers and, 
subsequently, widen their industrial applications. Chain extenders help in the substitution of 
polyester hydrolysis-caused molecular weight damage, leading to the production of a polymer 
with desired melting strength and rheological properties. The chain extenders function 
effectively, predominantly due to their bi-functional groups that inherently react with 
polymer terminal groups. Moreover, specific chain extenders, such as MDI, are vital in the 
enhancement of TPE-E molecular weights. Consequently, TPE-E would have improved 
rheological, mechanical, and thermal characteristics.
95
 
Furthermore, modifiers are also imperative in the blending of incompatible polymers in a 
similar manner as PLA/TPE-E blends using diisocyanate. The practice of polymer blending is 
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domineering in balancing performance and the costs of commercial plastics. Despite the 
economic, mechanical, and physical benefits of polymer blending, the process faces immense 
challenges due to the incompatibility of most polymer pairs. Effective blending of two 
polymers with the aim of producing a final product with desired properties largely relies on 
interfacial tension and phase adhesion. The enhancement of phase adhesion with subsequent 
reduction of interfacial tension is fundamental in the blending of different TPE copolymers. It 
is essential to note that effective blending through extrusion helps in the improvement and 
toughening of individual polymer plastics.
96
 
2.5 Thermoplastic Copolyester Nanocomposites 
Organic-inorganic nanocomposites have received significant interest in the development of 
nanocomposites, owing to the enhanced properties attributed to the synergistic properties 
accrued from the two compounds.
97
 Studies have shown that polymeric nanocomposites 
reinforced with low silicate, carbon and clay nanocomposites provide enhanced mechanical 
properties in thermoplastic elastomers.
98
 Poly(ester ether) multiblock copolymer/organo-
montmorillonite prepared through the intercalation polymerisation process showed improved 
mechanical properties compared to unfilled TPE-E nanocomposites. The resulting TPE-E 
nanocomposite containing 3-5% (w/w) organo-MMT exhibited improved strength and 
modulus as well as enhanced hardness with limited compromise on the elongation at break of 
such materials; the elongation at break of the composite was 550%, which was close to that 
of blank TPE-E.
99 
According to Broza and Schulte
100
, the use of fillers plays an important 
role in the formation of TPE-E nanocomposites through the initiation of re-crystallisation, 
especially in the development of multi-wall carbon nanotube (MWCNT)-reinforced 
nanocomposites using the masterbatch and let-down process. Application of MWCNT has 
been found to be an efficient method for developing nanocomposites with improved 
mechanical properties. 
Brostow
101
 studied the effect of the metallic fillers dispersing phase of Al and Ag in TPE-E 
microcomposites and nanocomposites, and found that the composites containing Al and Ag 
particles in the micrometric range negatively affected the mechanical properties, while the 
presence of Al and Ag nanoparticles showed a higher elastic modulus than that of blank TPE-
E. The morphology of composites has proved that Al particles were well dispersed 
throughout the matrix while Ag accumulated, forming both microcomposites and 
nanocomposites.  
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Szymczyk et al.
102
 prepared TPE-E/organoclay nanocomposites from block copolymer 
poly(trimethylene terephthalate-block-tetramethylene oxide) (PTT-PTMO) with modified 
organoclay (Nanofil 32) loadings in the range of 0.5-3 wt%, using the in situ polymerisation 
technique, and found that intercalated nanocomposites were obtained. DSC analysis showed 
that the Tg of PTMO-rich soft phase, melting temperature of PTT hard phase, and the degree 
of crystallinity of the nanocomposites were not affected by the presence of nanometric 
silicate/intercalates in the matrix. The crystallisation temperatures of these nanocomposites 
were shifted to higher temperatures compared to blank PTT-PTMO. However, the small 
Nanofil 32 could be able to act as a nucleation site, thereby enhancing PTT hard phase 
crystallisation and increasing tensile modulus and yield strength without sacrificing elasticity. 
Such properties are attributed to the homogenous dispersion of the organoclay particle in the 
polymer matrix during the nanocomposite development process.
103
  
The homogenous distribution of the silicate particle in the polymer is due to the polar 
hydroxyl groups of the silicate layers and the polar functional groups, which combine during 
the preparation process.
104
 The mechanical properties of TPE-E have also been found to be 
influenced by the concentration of compounds (e.g. mica), where tensile strength decreases 
with an increase in concentration. Contrarily, mechanical properties (e.g. modulus and 
flexural strength) increased with higher mica concentrations.
29,30
 
According to Aso et al.
26
, the addition of fumed silica into the polymer matrix results in 
numerous improvements in the TPE-E materials, including ductility, modulus, creep 
resistance and elongation at break. DMTA analysis on thermotropic liquid crystalline 
copolyester has revealed important mechanical properties, such as low viscosities, high 
moduli, and high strength, amongst others.
105
 
Carbon nanotube-copolyester nanocomposites have shown enhanced mechanical properties, 
such as increased stiffness, where the carbon nanotube content determines the level of the 
nanocomposite stiffness.
100
 According to Tsai et al.
106
, organoclay nanocomposites confer 
increased thermostability among other mechanical properties.  Figure 2.8 depicts how DMTA 
can be applied in determining the viscoelastic properties of a nanocomposite as influenced by 
the organic modification of the clay.
107
 In the glassy regime, all the nanocomposites showed a 
constant elastic modulus increase of 35%. The blank poly(ethylene glycol-co-cyclohexane-
1,4-dimethanol terephthalate) (PETG) shows higher Tg, compared to the three 
nanocomposites. The nanocomposites show a lower damping (tan δ) in the rubbery regime 
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compared to blank copolyester PETG composite.
107
 However, the nanocomposites governed 
by the optimising of clay surface modification achieved the intercalated/exfoliated structure 
in these system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 2.8 Temperature dependence of the storage modulus E‟ (a) and (tan δ) (b) for PETG 
and PETG/clay nanocomposites.
107
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Chapter 3 Materials and Methods 
 
3.1 Materials 
3.1.1 Synthetic Clays  
Somasif ME100 is a semi-synthetic fluoromica with a Na
+
 cation, supplied by Kobo 
Products, Inc. (New Jersey, USA). It belongs to the montmorillonite-type with a cation-
exchange capacity (CEC) of 100 meq/100 g and an aspect ratio of about 500-1000 nm/1 
nm.
1,2
 The interlayer gallery spacing (d001) is 0.95 nm and the specific gravity is 2.60 
g/mL.
3-5
 The chemical formula is Na0.66Mg2.68(Si3.98Al0.02)O10.02F1.96
6
 and the particle size is ~ 
650 nm. Laponite WXFN and WXFP (Rockwood Additives Ltd., UK) are synthetic 
hectorites, comprising of nanometric platelets
7
 with a CEC of 120 meq/100 g, and aspect 
ratios of 120 and 80 nm/1nm, respectively. The chemical formula of Laponite is 
Na0.7Si8Mg5.5Li0.3O20(OH)4.
8
 The structure consists of two-dimensional layers where one 
central octahedral sheet of alumina or magnesia is fused between two tetrahedral sheets of 
silicon by sharing oxygen atoms. The isomorphic substitution within layers generates a net 
negative charge that is neutralised by alkali and alkaline earth cations situated in the clay 
galleries. These cations can be exchanged with organic cations to prepare organoclays.  
3.1.2 Surface Modifiers 
Organoclays were modified with alkyl ammonium and alkyl pyridinium salts. These 
modifiers are characterised by the structure of an ammonium halide connected to the organic 
tail group, such as ammonium chloride or pyridinium bromide. The alkyl salts can be 
obtained in a variety of lengths from 6 methyl units to over 100 methyl units.  
For this study choline chloride (CC), octadecyltrimethyl ammonium bromide (ODTMA) and 
cetylpryidinium or hexadecylpyridinium bromide (CP) were purchased from Sigma Aldrich 
(New South Wales, Australia). The chemical structures are illustrated in Figure 3.1.  
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Figure  3.1 The chemical structure of alkyl ammonium and alkyl pyridinium surface 
modifiers. 
 
3.1.3 Thermoplastic Copolyester (TPE-E) 
The polymer used in this study, TPE-E, carries the trade name of Hytrel®, and is a block 
copolymer thermoplastic elastomer manufactured by DuPont
TM
 (USA).
9
 Hytrel® 3078 is a 
grade of polyether-ester block copolymer synthesised from 1,4-butanediol, terephthalic acid,  
polytetramethylene glycol (PTMG) and polypropylene glycol (PPG) and hence, produces a 
rigid phase of polybutylene terephthalate (PBT) and a flexible phase of PTMG and PPG.
10
 It 
has a nominal shore hardness of 30D and a MFI (melt flow index) of 5.0 g/10 min at 190°C. 
Figure 3.2 shows the representative structure of the individual components of TPE-E.  
 
 
 
3.1.4 Tetra-Functional Epoxy Compound 
Tetraglycidyl-4,4-diamino-diphenylmethane (TGDDM) is a viscous liquid resin with an 
epoxy equivalent weight of 110-130 g/eq, obtained from Sigma-Aldrich (Castle Hill, 
Australia). It has a molecular weight of 422.52 g/mol. To date, TGDDM has been used to 
increase the viscosity of PBT and improve the interfacial adhesion between the elastomer and 
PBT matrix.
11
 Due to its relatively low molecular weight, TGDDM may, in theory, be able to 
migrate between phases in TPE-E and react with the terminal functional group to produce a 
highly branched copolymer at the interface, or even a cross-linked network.
12
 The tertiary 
Figure 3.2 Components of TPE-E: a) Poly (butylene therephtalate) (PBT) and b) 
polytetramethylene glycol (PTMG). 
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amine on the TGDDM epoxy may also act as a catalyst, and the self-catalysed reaction is able 
to proceed during the melting process.
13
 It is also interesting in regards to providing a 
nanofiller surface capable of hydrogen bonding by accelerating the crosslinking reaction 
through participation in the glycidyl-ring opening process.
14,15
 Figure 3.3 shows the structure 
of TGDDM used as a reactive modifier.  
 
Figure  3.3 Structure of epoxy-based modifier (TGDDM). 
3.1.5 Ultra-Pure Water 
Millipore water was filtered through the Milli-Q Academic system (Merck Millipore, Merck 
Ltd., Kilsyth, Australia) with a resistivity of 18.2 MΩ-cm and a pH of 6.8. This water was 
used in all experiments. 
3.1.6 Solvents 
Toluene was purchased from Merck Pty. Limited. (ACS, ISO, Reag. Ph Eur grade, Merck Pty 
Ltd Kilsyth, Australia). Xylene was purchased Sigma-Aldrich (Castle Hill, Australia). All 
solvents were used without further purification. 
3.2 Methods 
3.2.1 Nanofiller Surface Modification 
The modification of the organo-fluoromica and organo-hectorite was carried out in a 1000 
mL beaker placed directly on a thermostat hot plate, equipped with a magnetic stirrer and 
thermometer. About 1 L of MilliQ water was heated in the beaker to 60˚C and the surface 
modifier was dissolved in the hot MilliQ water with continuous stirring. Once fully dissolved, 
the dried pristine clay was added to obtain a 1 weight percent (wt%) clay dispersion. The 
mixture was stirred at 350 rpm for 24 hours. After cooling down to room temperature (RT), 
the clay was separated by centrifugation using a Beckman Coulter Allegra X-15 benchtop 
centrifuge with a rotation speed of 4750 rpm for 3 minutes and subsequently washed with 
MilliQ water to remove any excess ammonium and pyridinium salt. This process was 
repeated at least five times, with centrifugation in between each step until no chloride 
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(bromide) was detected using 0.1 M AgNO3. The precipitate was dried in a vacuum oven at 
60˚C overnight and subsequently ground and milled using a Micron Master® Jet Pulveriser 
(The Jet Pulverizer Co., USA) to reduce the particles size. 
3.2.2 Preparation of Reactive Nanofillers 
The nanofiller used in this study was organo-fluoromica modified with 75ODTMA. The 
nanofiller dispersion was prepared by mixing dried organoclay in toluene 5% (w/v) at RT. 
The mixture was stirred at 500 rpm for 1 hour to swell the organoclay. Subsequently, it was 
subjected to a sequence of ultrasonication, including bath-sonicating for 1 hour, high energy 
dispersion by probe sonication (Branson Sonifier probe) for 2 minutes, then a 30 minute 
treatment in an ultrasonic bath to separate the agglomerated clay particles. This resulted in 
the generation of a clay/toluene paste. 
The desired amount of paste was combined with the TGDDM at a ratio of 2:1, and the 
mixture was stirred at 50°C for 3 hours. During stirring, a gradual colour change was seen in 
the TGDDM, from the original red hue of the TGDDM to green in the mixture. This might 
indicate the presence of Wurster‟s blue centres in the TGDDM. This is caused by a radical 
cation formed when the TGDDM molecule undergoes oxidation. In other words, the organic 
cation of organo-fluoromica allows intercalation of the TGDDM molecule between the clay 
layers, producing Wurster‟s Blue, as illustrated in Figure 3.4.16 The paste mixture was then 
mixed further in an ultrasonic bath at RT for 30 minutes to disperse the clay in the TGDDM 
compound. Finally, the mixture was evaporated in a fume hood. The organo-fluoromica ME-
75ODTMA/TGDDM refers to ME-75ODTMA, which is combined with tetraglycidyl 
TGDDM.  
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 Figure  3.4 Illustration of Wurster‟s Blue in the TGDDM.16 
 3.2.3 Nanocomposite Preparation by Melt Compounding 
TPE-E nanocomposites with different types of organo-silicate and mass loadings of either 2 
wt% or 4 wt% of organoclays were prepared. An appropriate Hytrel® 3078 control was 
prepared with the identical thermal processing history. Before processing, Hytrel® 3078 and 
a series of organoclays were dried in a vacuum oven at 80°C and 60°C for 3 and 24 hours, 
respectively. Hytrel® 3078 and the organoclays were melt compounded in a Thermo Haake® 
PolyLab Twin Screw Extruder (co-rotating, 16 mm screw diameter with a L/D of 40). The 
extrusion parameters used in the melt processing are displayed in Table 3.1. The extrudate 
from the die was pelletised and dried in a vacuum oven at 80°C for 3 hours prior to 
compression moulding at 190°C. The compression moulding was carried out by pre-pressing 
the samples at 1 kPa for 1 minute, followed by full press for a further 2 minutes at 7.5 kPa. 
The samples were then cooled to RT under pressure using a controlled water flow. 
Approximately 1 mm thick plaques were prepared and annealed in a vacuum oven at 80°C 
for approximately 12 hours and left to age for 1 week prior to testing. This process was done 
to ensure the development of structure within the TPE-E, so that the resulting properties 
would be a true representation of the materials. 
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Table  3.1 The temperature profile and other parameters used in the extrusion process. 
T1 230 °C 
T2 240 °C 
T3 255 °C 
T4 240 °C 
T5 235 °C 
T6 220 °C 
T7 220 °C 
T8 215 °C 
T9 205 °C 
T10 190 °C 
Diameter of the die 3 mm 
Screw speed 90 rpm 
Torque 60 % 
 
3.2.4 Nanocomposite Preparation by Reactive Extrusion 
In this study, Hytrel® 3078 nanocomposites were prepared via reactive extrusion in a 
Thermo Haake® PolyLab Twin-Screw Extruder (Thermo Scientific, USA). The resulting 
thermal history profile were similar to the melt processing method. The best performing melt 
compounded sample was a nanocomposite with organo-fluoromica ME-75ODTMA; thus, 
ME-75ODTMA at a 2 wt% composition was selected to optimise the amount of TGDDM. 
The addition of reactive ME-75ODTMA/TGDDM was also investigated in TPE-E 
nanocomposite structure and performance. ME-75ODTMA or reactive ME-
75ODTMA/TGDDM was added via a side feeder. 
The order of material addition investigated can be summarized as follows: H, T, and C1 or 
C2 refer to Hytrel® 3078, reactive modifier TGDDM and ME-75ODTMA or reactive ME-
75ODTMA/TGDDM, respectively. The first two letters point out that the materials were 
blended in the first run. The composite blend was then compounded with the third component 
in the next run, with the orderings of these series being: 
 Series 1 (HT-C1) dry feed of ME-75ODTMA;  
 Series 2 (HC2) dry feed of reactive ME-75ODTMA/TGDDM; 
 Series 3 (HC1-C2) masterbatch of reactive ME-75ODTMA/TGDDM; and 
 Series 4 (HC1-T) dry feed of ME-75ODTMA, then post-added TGDDM further 
down the extruder barrel. 
The viscous liquid TGDDM was fed into the extruder using a syringe pump system. TGDDM 
has been tested at four different stoichiometric ratios, 0.1, 0.3, 0.5 and 0.7 wt%. The 
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stoichiometric amount of TGDDM added to the Hytrel® 3078 was calculated based on the 
functionality of one for each TPE-E molecule and postulating that only carboxyl groups 
would react with epoxy groups, whereas these are more reactive with decreasing residence 
time in the reactive extrusion. This suggests that each TPE-E chain had on average one 
carboxyl group. However, the new carboxyl groups resulting in degradation needed to be 
postulated.
 
The carboxyl group content was found to double over 2 minutes of residence 
time.
17
 Therefore, the average suggested that one mole of TPE-E reacted with 1/f of 
TGDDM.
18
  
The theoretical amount of TGDDM was calculated according to the following equation: 
 
ETPE
n
m
w
Mf
M
W

 ; (1) 
where Mw is the molecular weight of TGDDM, 1/f  is the real functionality of TGDDM and 
M n is the number-average molar mass of  Hytrel® 3078 (obtained from gel permeation 
chromatography (GPC) results; Chapter 7).  
Table 3.2 shows the calculated value of TGDDM amount. ME-75ODTMA and ME-
75ODTMA/TGDDM were added into the mixture with 2 wt% clay loading. To process the 
masterbatch, the ME-75ODTMA was added to the Hytrel® 3078 matrix with a high content 
of 10 wt% by the extruder at the same thermal profile. Then, the melt compounded sample 
was let down into 2 wt% loading of ME-75ODTMA/TGDDM. After the reactive extrusion, 
the extruded TPE-E material was pelletised and dried in a vacuum oven at 80°C for 3 hours 
prior to compression moulding at 190°C. Approximately 1 mm thick plaques were pressed 
and annealed in a vacuum oven at 80°C for 12 hours and allowed to age for 1 week prior to 
testing.  
Table  3.2 Calculated value of the stoichiometric ratio of TGDDM. 
  
      (g/mol)
*
   
  (g/mol) 
Real functionality 
(eq/mol)
18
 
Stoichiometric ratio 
(wt%) 
46056 422.52 3.78 0.24 
*
The experimental data obtained from GPC results 
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3.3 Characterisation Techniques 
3.3.1 Attenuated Total Reflectance Fourier Transform-Infrared Spectroscopy  
Attenuated total reflectance Fourier transform-infrared spectroscopy (ATR FT-IR) spectra of 
the samples were carried out on a Nicolet 5700 FT-IR (Thermo Electron Corp., Waltham, 
USA) fitted with a diamond attenuated total reflection accessory in the range of 500 to 4000 
cm
-1
. The spectra were processed with Omnic software and transferred to an Excel 
spreadsheet for further analysis. 
3.3.2 X-ray Diffraction 
X-ray diffraction (XRD) measurements were performed on a Bruker D8 Advance X-Ray 
diffractometer (Bruker, Karlsruhe, Germany) using Cu K radiation, operating at 40 kV and 
30 mA. Samples were scanned at 2.4 °/min in a range of 2θ = 1.0° - 10°, using a step size of 
0.02°. 
3.3.3 X-ray Photoelectron Spectroscopy (XPS) 
A Kratos Axis Ultra X-ray Photoelectron Spectrometer with monochromatic Al K X-rays 
(1486.6 eV) at 150 W (15 kV, 10 mA) was used. Photoelectron data was collected at a take-
off angle of theta = 90. Survey scans were taken at an analyser pass energy of 160 eV and 
narrow scans (high resolution scans) at 40 eV. Survey scans were performed over a range of 
0-1200 eV binding energies with 1.0 eV steps and a dwell time of 100 ms. Processing was 
performed on CasaXPS Version 2.3.12. 
3.3.4 Gel Permeation Chromatography 
Gel Permeation Chromatography (GPC) was performed with a Waters 717 Plus Autosampler 
(Milford, MA, USA), fitted with a Waters 2414 refractive index detector held at a constant 
temperature of 30°C, a Waters 2489 UV/ Visible detector, two Ultrastyragel linear columns 
(7.8 x 300 mm) and one Styragel linear column kept in series. The samples were dissolved in 
tetrahydrofuran (THF, HPLC grade) and then filtered through a 0.45 μm 
polytetrafluoroethylene (PTFE) syringe filter. The columns used have the ability to separate 
polymers with molecular weights in the range of 500 – 2 million g/mol with high resolution. 
THF (eluent) was used at a flow rate of 1.0 mL/min. Data acquisition was carried out using 
Empower software and molecular weights were calculated relative to narrow molecular 
weight polystyrene (PSTY) standards. 
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3.3.5 Transmission Electron Microscopy (TEM) 
The morphology and structure of samples were investigated by means of transmission 
electron microscopy (TEM; JEOL 1011, Frenchs, Australia). A Leica Ultracut UC6FCS 
(Leica Microsystems Pty Ltd., North Ryde, Australia) fitted with a diamond knife and cooled 
to −110°C was used to obtain ultrathin sections of about 90 nm. 
3.3.6 Thermogravimetry Analysis 
A Mettler Toledo Thermogravimetry Analysis (TGA)/DSC 1-thermogravimetric analyser 
was used to measure the thermal stability of the organoclay and to estimate the cation 
exchange capacity (CEC) saturation. Approximately 7-10 mg of sample was placed in a 70l 
alumina crucible for measurement. The temperature was initially ramped from RT to 100C 
at a constant rate of 20C/minute. The temperature was held isothermally in order to give the 
water sufficient time to evaporate prior to further heating to 800C at a constant rate of 
10C/minute.  
The percentage of exchanged modifier can be calculated by deducting the percentage of 
released water from the overall weight reduction during heat treatment. The CEC saturation is 
the ratio of exchanged modifiers to the CEC of clays, as described in the following equation: 
CEC saturation = 
CEC
100000
x
MWclay x   wt%
modifier wt%
modifier
                                                               (2) 
 
3.3.7 Differential Scanning Calorimetry  
Differential Scanning Calorimetry (DSC) was carried out using the Mettler Toledo 
differential scanning calorimeter 1 Star at a desired heating rate in nitrogen atmosphere. The 
pure TGDDM, ME-75ODTMA and reactive ME-75ODTMA/TGDDM was heated from 
25°C to 400°C at a heating rate of 5°C/min. The nanocomposites were heated from -100°C to 
250°C at the heating rate of 10°C/min, then cooled to 25°C at the same ramping rate. 
3.3.8 Dynamic Mechanical Thermal Analysis 
Dynamic mechanical properties were measured with a Mettler Toledo dynamic mechanical 
analyser 1 Star with the device operating under a tensile head and the reducing force option. 
The test was subjected to a frequency of 2 Hz and a heating rate of 2°C/min over the range of 
-100°C to 100°C in tension mode. 
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3.3.9 Water Vapour Permeation 
The water vapour transmission rate (WVTR) through the sample films was measured using a 
PERMATRAN-W 3/31 instrument (MOCON, Minneapolis, MN), operated at 23°C, 1 atm 
and 100% RH. Two films were tested at a time and generally took 24-72 hours to reach 
steady state permeation. 50cm
2
 film samples were clamped into place and exposed to a 
different controlled atmosphere on each side. Water vapour permeated through the film 
specimen and entered the carrier gas circuit, which steadily streamed 0% RH nitrogen gas at 
controlled temperature. The water vapour that entered the carrier gas circuit was piped to the 
infrared sensor, where moisture content was determined. Computer software calculated and 
plotted WVTR and permeation rate based on user entered thickness measurements. 
3.3.10 Mechanical Testing 
An Instron Model 5543 universal testing machine with a load cell capacity of 500N was used 
to measure the mechanical properties. The measurements were carried out in a dry 
environment, at a temperature of 25°C. Each sample was tested five times for the tensile test 
and three for the tear test. For the tensile tests, an ASTM D-638-M-3 die was used where 
samples were cut into dumbbell shapes, with a crosshead speed of 50 mm/min. The ISO 34 -
1:1994 Method B(a) was used to conduct the tear test. An ASTM D624-B die was used for 
the tear test, and crosshead speed of 500 mm/min was applied. ISO 899-1:2003 was used to 
administer the creep test. The load cell used for the test had a capacity of 50N, a stress of 3.5 
MPa was applied, and the holding time was set to 6 hours. The testing involved a total of 
three replicate dumbbells. 
3.3.11 Gel Content 
The extent of the cross-linking of samples was determined through gel content 
measurements. About 0.2 g of each sample was weighed and wrapped in stainless steel 
pouches, which were later passed through Soxhlet extraction with xylene for 24 h. After the 
extraction, each sample was rinsed with fresh xylene twice and methanol once, then dried in a 
vacuum oven at 80ºC until constant weigh was achieved. The gel content was calculated as 
follows: 
100
 weightInitial
extractionafter Weight 
 (%)content  Gel                                                                       (3) 
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3.3.12 Compression Set 
Compression set was obtained at room temperature according to modified ASTM 395 B 
standard. One moulded disc of 15 mm diameter and 3 mm thickness was placed in a 
compression testing apparatus. After 24 h the compression set released. The disc was allowed 
to relax for 0.5 hour, prior to measuring thickness recovery. The average of three 
measurements was taken. The compression set was identified as: 
Compression set =  
     
     
  x 100 % ;                                                                                      (4) 
where: 
d0 = thickness before compression (mm) 
d1 = thickness during compression (mm) 
d2 = thickness after 0.5 h relaxation (mm). 
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Chapter 4 The Characterisation and Properties of Organically Modified Layered 
Silicate  
 
4.1 Introduction 
The majority of synthetic organo-silicates that have been prepared and used as nanofillers in 
polymer nanocomposites are comprised of single surfactant modifiers. Previous studies 
indicate that when segmented block copolymers, including TPE-Es, are used as host 
polymers, single-modified clays fail to be compatible with both segments and phases, and 
indeed, the organo-silicate platelets are larger than the TPE microdomains and so must 
interact with both simultaneously.
1-3
 For example, modification of the organo-silicates using 
hydrophobic and non-polar surfactants results in preferential TPE-E soft segment association, 
while short polar surfactants have a higher tendency to interact with hard segments.
1-4
 If the 
interactions between TPE-E segments and organo-silicates are not carefully “tuned”, it can 
lead to sub-optimal property enhancements. On several occasions, an increase in stiffness and 
a reduction of the elongation at break, tensile strength and toughness have been observed
1,3-5
, 
which would limit their usage in key applications.  
Recently, there have been several investigations into the utility of dual-modified organo-
silicates to enhance nanofiller compatibility, dispersion and interaction in complex host 
polymers. One such approach includes the use of alkoxysilanes and cationic surfactants that 
modify edges and clay surfaces, respectively.
6,7
 The main purpose of the modification is the 
establishment of reactive functionalities that facilitate a polymerisation reaction to aid in clay 
dispersion
7
, improvement of mechanical properties and enhanced thermal stability.
8
  The 
current study entails a modification of clays using cationic surfactants of varying polarities. 
Non-polar surfactants of cetylpryidinium bromide (CP) and octadecyltrimethylammonium 
bromide (ODTMA) have a favourable interaction with soft segments via hydrophobic 
interactions, while the hydrogen bonds aid polar surfactants, including choline chloride (CC) 
that have association with hard segments.  Utilisation of higher temperatures during 
processing results in the formation of a covalent bond between TPU and CC. The benefits of 
dual-modified organo-silicates, in comparison to their single-modified counterparts, were 
demonstrated with enhanced tear properties, tensile strength, toughness and dimensional 
stability, and uniquely without increasing TPU stiffness.
9
 Nevertheless, physico-chemical 
properties associated with corresponding organo-silicates are not fully documented and 
understood. Comprehension of these properties of organo-silicates is vital for the purpose of 
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elucidating the mechanism of organo-silicates/TPE-E interactions. Furthermore, it aids the 
optimisation of TPE-E nanocomposites‟ mechanical properties. Prior research has identified 
the physico-chemical properties of nanoparticles, which include chemistry, shape, 
functionality, surface charge and size.
10,11
 Therefore, a discerning selection and trialling of 
surfactants, synthetic clays and effective characterisation aids in the design of organo-
silicates that have optimal performance in the selected host polymer.  
In this chapter, the physico-chemical properties of organo-fluoromicas and organo-hectorites 
are investigated. Three surfactants with varying degrees of hydrophobicity are employed to 
match the surface energy of organo-fluoromicas and organo-hectorites with TPE-E. However, 
the physico-chemical properties of organo-fluoromicas cannot be predicted based on the 
known properties of the organo-hectorite counterparts, since both clays have different cation 
exchange capacities (CEC) and charge densities; characteristics which could affect the 
distribution and interaction of surfactants within the clays in a completely different manner. 
Fluoromica ME and hectorites WXFN or WXFP are single-modified with ODTMA or CP 
and dual-modified by incorporating 25% CC together with the aforementioned surfactants. 
The modification of hydrophilic ME, WXFN and WXFP to become hydrophobic is the first 
stage of a larger process to disperse the layered silicate (clay) uniformly into a polymer 
matrix. The alkyl ammonium and pyridinium surfactants are exchanged with pristine clay 
ions via an ion exchange process as shown in Figure 4.1.  
 
 
 
 
 
 
 
 
 
 
 
  
 
Surface Modification 
Clay Platelet Surface modifier  
Figure 4.1 Modification of clay via an ion exchange reaction process (the delamination of 
the surfactant modifier‟s cation exchanged in layered silicate). 
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The cation exchange reaction processes of Na
+
-Clays with ODTMA and CP are given in 
equations 1 and 2, respectively. 
 
 
 
 
 
 
 
 
 
This modification alters the nature of the layered silicate from a pure inorganic compound to 
an organic compound, or from a hydrophilic to a hydrophobic compound due to the long tail 
of carbons in the ODTMA and CP ions. Organo-modifiers with long alkyl tails are able to 
displace the hydrated Na
+
 more effectively and can provide a higher degree of 
hydrophobicity compared to the short tailed surface modifiers. The composition and 
abbreviation of the organo-fluoromicas and organo-hectorites investigated in this study are 
provided in Table 4.1. The properties are subsequently characterised using X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), Attenuated total reflectance (ATR) Fourier 
transform-infrared spectroscopy (ATR FT-IR), and Thermogravimetric analysis (TGA).  
 
 
 
 
 
 
 
 
 
(1) 
(2) 
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Table  4.1 Composition and abbreviation of organo-fluoromicas and organo-hectorites. 
Clays Surfactant compositions Abbreviation 
Fluoromicas 
ME100 
(Aspect ratio  
= ~ 650 nm/1 
nm) 
- ME 
100% octadecyltrimethylammonium bromide ME-ODTMA 
75%/25% octadecyltrimethylammonium bromide 
/choline chloride 
ME-75ODTMA 
100% cetylpyridinium bromide ME-CP 
75%/25% cetylpyridinium bromide/ choline chloride ME-75CP 
 
Hectorites 
WXFN 
(Aspect ratio  
= ~ 120 nm/1 
nm) 
- WXFN 
100% octadecyltrimethylammonium bromide WXFN-ODTMA 
100% cetylpyridinium bromide WXFN-CP 
75%/25% cetylpyridinium bromide/ choline chloride WXFN-75CP 
 
Hectorites 
WXFP 
(Aspect ratio  
= ~ 80 nm/1 
nm) 
- WXFP 
100% octadecyltrimethylammonium bromide WXFP-ODTMA 
100% cetylpyridinium bromide WXFP-CP 
75%/25% cetylpyridinium bromide/ choline chloride WXFP-75CP 
 
4.2 Results and Discussion 
4.2.1 Intercalated Surfactant Arrangements and their Effect on d-spacing Expansion 
One of the main techniques used in the investigation of surfactant arrangement and overall 
clay platelet registration is XRD. A highly ordered platelet registration becomes apparent 
through the appearance of a narrow, sharp diffraction peak in the pattern of XRD.
12
 The 
interlayer distances of clays were calculated from the XRD peak position using the Bragg 
equation: d = 
n  
2 Sin (θ)
 ; where n is a simple whole number (n=1),   is the wavelength of the x-
ray ( =1.542 Å) and θ is the angle of the interlayer distance.13 
Figure 4.2a shows the XRD pattern of pristine ME and organo-fluoromicas. According to 
Souza et al.
14
, the four overlapping peaks appearing in the ME pattern are a result of hydrated 
(1.2 nm) and non-hydrated (1 nm) silicate layers. However, in this study, only one diffraction 
peak is observed, corresponding to a d-spacing of 1.2 nm. This is an indication that the ME 
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incorporated in this study is often hydrated with a monolayer of water molecules. As the d-
spacing expands, the diffraction peaks shift to a lower diffraction angle, indicating surfactant 
exchange and intercalation. The d-spacings of the organo-fluoromicas prepared are 
summarized in Table 4.2.
 
The surface modification of of the substrate with long chain alkyl surfactants can result in 
multiple broad diffractions at lower angles. This suggests that the interlayer arrangement of 
that surface modifier is more disordered, or results in more than one conformational 
population.
12 
 The shift of a diffraction peak to a lower angle leads to the expansion of the d-
spacing, which is highly affected by the chemical structure and loading of the surfactants.
15,16 
Furthermore, the presence of peaks at multiple reflections has been reported with a 
heterogeneous charge distribution on fluorine mica layers.
14,17
 This is attributed to  the 
coexistence of lateral monolayer and bilayer, pseudo-trilayers, and monolayer and bilayer 
paraffin-type organisation of the surface modifiers within fluoromicas gallery space.  
A weak peak at 2θ below 2° appears in the organo-fluoromicas ME-ODTMA and ME-
75ODTMA, but is not observed in the ME-CP and ME-75CP patterns. Some researchers 
have attributed this peak to the superstructure reflection, being positioned at one half of one 
of the strongest reflection.
14,18-20 
On the other hand, most reports describe
14,15,18-20
 this 
superstructure as an alternate sequence of paired layers of silicate, just with a differing d-
spacing. The d-spacing could emerge from the differing charge density at the alternating sides 
of these synthetic fluoromica layered silicates.
15
 Tamura et al.
16
 postulated that the 
stabilisation of this peak during the intercalation reaction in the intermediate stage was 
indicated to well-ordered interstratification of two unit silicate layers. Alternatively, Alba et 
al.
21
  reported that the intercalated surfactants having C12 – C18 alkyl chains were essentially 
“stretched”, forming a paraffin bilayer arrangement. The d-spacing of the first reflection 
ranged from 3.6 nm for C12 to 4.6 nm for C18. The formations of paraffin bilayers within the 
surfactant will result in d spacing of this, and, therefore, we suggest that this is the origin of 
the diffraction peak at 2θ below 2°. 
The highest d-spacing for ME-ODTMA and ME-75ODTMA (corresponding to 2θ = 1.74°-
1.81°, respectively) is approximately equal to the length of a fully “stretched” surfactant 
having a C18 alkyl tail.
22
  The surface modification of ME with dual surfactant 75ODTMA 
with its two long alkyl chains (ODTMA/CC) significantly increases the d-spacing from 1.2 
nm to 5.1 nm. Even though the single surfactant of ODTMA has a long linear tail, the d-
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spacing was observed to increase from 1.2 nm to 4.9 nm. The most likely arrangement for 
ME-75ODTMA and ME-ODTMA is bi-layer paraffin. The lower tail length in the surfactant 
of CP results in the lowest increase in d-spacing, which is 2.0 nm. While dual modified ME-
75CP exhibited a d-spacing of 2.8 nm. These results suggest that the dual modified organo-
fluoromica d-spacing exhibits its highest levels after modification with the more hydrophobic 
and long-chained surfactant. The surfactant can be mostly parallel to the fluoromica layer, 
forming monolayer or bilayer arrangements. 
In order to pack more efficiently, the surfactants could take on alternative ordered 
configurations.
23
  However, these silicate layers have to expand further to accommodate these 
configuration changes. Making comparisons to the CEC saturation (to be discussed in section 
4.2.4), the packing density of single ODTMA is higher than that of CP surfactant, due to the 
C18 alkyl tails. For this reason, a large d-spacing expansion in ODTMA modified organo-
fluoromicas exists. The presence of CC results in a slight increase on the average d-spacing 
of the dual ODTMA/CC and CP/CC modified ME. This suggests that the CC serves as a 
spacer molecule to increase the average lateral spacing between the adsorbed surfactants. In 
addition, it appears that the long-range platelet registration of the clay has improved, as 
shown in its diffraction patterns.  
Table  4.2 d-spacing of pristine ME100 (ME) and organo-fluoromicas. 
Organoclays 
d-spacing (nm) 
Na
+
 Monolayer Bilayer 
Paraffin  
Bilayer 
ME 1.2  - - - - 
ME-ODTMA - - 1.5 2.3 4.9 
ME-75ODTMA - 1.4 1.6 2.4 5.1 
ME-CP -  1.3 - 2.0 - 
ME-75CP -  1.4 - 2.1 - 
  
Figures 4.2b and c display XRD patterns of pristine WXFN and WXFP and the 
corresponding organo-hectorites. The overall lack of well-defined peaks present in the 
WXFN and WXFP diffraction patterns suggests a more disordered platelet registration, 
expected in lower aspect ratio organoclays, which cannot assemble with a high degree of 
registration. The WXFN-75CP and WXFP-75CP organo-hectorites do both display higher 
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relative intensity patterns, suggesting the coexistence of perhaps two poorly-organised 
surfactant arrangements. The breadth of these diffraction peaks depends on the level of 
organisation of these heterogeneous surfactant arrangements
24,25
, and also the particle size of 
the clays.
26
 A d-spacing is observed at 1.4 - 1.5 nm in the patterns of dual-modified organo-
hectorites. This suggests that the surfactants most likely form a lateral monolayer 
arrangement. This arrangement has the head surfactant groups are preferentially located at the 
surface of the hexagonal tetrahedral sheet due to the electrostatic interaction, while the alkyl 
tail is parallel to the silicate surface.
21,27
 WXFN-75CP and WXFP-75CP exhibit two 
overlapping peaks at 2θ of 3° to 7°. The peak at 3.59° corresponds to a d-spacing of 2.5 nm. 
Vaia et al.
22
 reported that the theoretical length of a surfactant having a C18 alkyl chain in all-
trans configuration is 2.6 nm. Based on this, the lateral monolayer and bilayer arrangements 
may coexist in WXFN-75CP and WXFP-75CP. 
Due to the absence of superstructure reflection in WXFN-ODTMA and WXFP-ODTMA, the 
distribution of high and low charge hectorite layers could have become random. In contrast to 
hectorite, fluromica‟s charge heterogeneity enables the formation of various amounts of alkyl 
ammonium arrangements inside the clay layers. When the particle sizes reduce, the 
diffraction peak becomes broader and the signal intensity decreases, making the 
superstructure reflection more difficult to detect. The d(002) reflection at 2θ = 2.88° is 3.1 nm 
for WXFN-ODTMA, and 2.9 nm at 2θ = 3.1° for WXFP-ODTMA. Thus, the alternation 
sequence of paired silicate layers in WXFN and WXFP would have no effect on their d-
spcaings.   
In WXFN and WXFP, the interlayer spacing in the ODTMA is slightly larger than that 
observed in the CP samples. This might occur as a result of the formation of a tilted 
configuration in the region with high surfactant density and the intercalated surfactant, 
adopting some degree of disorder.
23
 Despite the difference in length of the alkyl ammonium 
ion and alkyl pyridinium, the smaller d-spacing of seen in the pyridinium modified sample  
might be explained by the fact that alkyl pyridinium forms perpendicular to the silicate 
monolayer and that alkyl ammonium forms a bilayer arrangement, which will result in a 
greater d-spacing. 
With regards to mixed surfactant systems, Bergaya and Lagaly have previously reported on 
the complexity of surfactants configuration with different head groups.
27
 Compared to the 
CEC saturation, ODTMA and CP have higher packing densities compared to the dual 
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surfactant 75CP. The effect of the packing density of a single surfactant on the expansion of 
the d-spacing has been indicated by He et al.
28
 and Zhu et al.
17
 At a relatively high surfactant 
loading, the resulting inter-chain interactions become more significant. These surfactants then 
re-arrange themselves, forming a tilted configuration to enable them to pack more 
efficiently.
23,25
 Furthermore, an increase in the packing density enables the d-spacing to 
expand, thus accommodating this arrangement change. 
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Figure 4.2 The XRD patterns of ME and organo-fluoromica (a) and WXFN, WXFP and 
organo-hectorites (b and c). Note that in the case of ME, ME-ODTMA and ME-
75ODTMA, the XRD patterns have been clarified at the low relative intensities. 
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4.2.2 Confirmation of Surfactant Exchange and Elemental Analysis of Organo-
fluoromicas and Organo-hectorites 
XPS is a powerful technique to conduct elemental analysis on clay layers to a depth of 5 
nm.
29
 From the literature, the theoretical formula of ME is 
Na0.66Mg2.68(Si3.98Al0.02)O10.02F1.96
30
, while the theoretical structure of synthetic hectorite is 
Na0.7Si8Mg5.5Li0.3O20(OH)4.
31
 As a rule, the elements identified through the XPS spectra are 
in good agreement with the theoretical formula of pristine clay and confirm the exchange of 
surfactants. Figure 4.3 shows a representative of a wide scan survey of the XPS spectrum for 
the selected organo-silicates ME, WXFN and WXFP modified with ODTMA (a) and high 
energy resolution of the C 1s (b). The high energy resolution XPS spectra of the C 1s results 
in an atomic percentage of carbon atoms bonded to carbon (C-C), oxygen (C-O) and nitrogen 
(C-N). The elemental percentage in pristine ME, WXFN, WXFP and organo-silicates is 
summarised in Table 4.3.  
The observed oxygen and carbon atoms in pristine ME, WXFN and WXFP can be 
contributed by adsorbed CO2.
30
 In general, the sodium peak disappears after modification, 
and at the same time, carbon and nitrogen peaks emerge, indicating the presence of modifiers. 
However, a small amount of sodium is present in the ME series. Meleshyn et al.
32
 reported 
similar findings, showing the presence of the inorganic cations in cetylpyridinium chloride-
modified montmorillonite, although the degree of modification exceeds 100% CEC. This 
could be due to the intercalation of NaCl or NaBr pairs, when pseudotrilayer arrangement of 
modifiers in the interlayer galleries is formed.
32
 Another possibility is reported by Ijdo and 
Pinnavaia
33
, who concluded that when the carbon atoms of the chain length are more than 10, 
the size of the modifier head group plays a significant role in the preoccupation of inorganic 
cations in the interlayer gallery of clays. Small head groups (methyl and ethyl) will not be 
able to displace Na
+
 as efficiently as large head groups (propyl, butyl, pentyl). The atomic 
percentage of C-C, C-O, and C-N is presented in Table 4.4.  The binding energy of C-C is 
284 eV, while the peaks of C-N and C-O overlap at 286 eV, and cannot be separated. The 
with the surface modified samples the percentage of C-C is higher than that of C-N and C-O. 
This is also demonstrates the presence of the surfactants with the organo-silicate structure.  
When ME, WXFN or WXFP is dual-modified, the coexistence of the two surfactants is 
generally evidenced by the increase of C-N/C-O percentage. Choline chloride introduces 
hydroxyl groups in the dual-modified ME-75CP, which results in an increase of the 
percentage of C-O and C-N.  
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Figure 4.3 Wide scan survey XPS spectra for ME-ODTMA, WXFN-ODTMA and WXFP-
ODTMA (a), and high energy resolution spectra for carbon (b). 
 64 
 
Table  4.3 Elemental analysis of pristine ME, WXFN, WXFP and the associated organo-
silicates. 
Clays O (%) C (%) F (%) Na (%) Mg (%) Si (%) N (%) 
ME 40.34 12.17 7.43 1.77 15.61 22.68 - 
ME-ODTMA 29.16 53.70 4.17 0.10 4.80 7.27 0.79 
ME-75ODTMA 30.83 43.96 5.30 0.17 7.23 11.74 0.78 
ME-CP 31.55 31.73 5.53 - 12.25 17.58 1.37 
ME-75CP 32.55 27.00 6.01 0.10 14.12 19.03 1.19 
WXFN 47.20 11.15 - 1.51 13.85 26.28 - 
WXFN-ODTMA 29.40 42.26 - - 9.62 17.09 1.62 
WXFN-CP 31.04 40.48 - - 10.32 17.12 1.03 
WXFN-75CP 35.85 33.50 - - 11.61 18.06 0.99 
WXFP 44.55 19.01 - 1.08 13.84 21.52 - 
WXFP-ODTMA 33.05 38.73 - - 9.77 17.19 1.25 
WXFP-CP 34.29 36.23 - - 11.04 17.89 0.55 
WXFP-75CP 36.99 31.10 - - 12.79 18.52 0.60 
 
Table  4.4 Percentage of carbon atoms bound to carbon (C-C) and nitrogen and oxygen (C-
N/C-O) atoms in organo-silicates with the respective binding energies (BE). 
Clays 
C-C C-N and C-O 
BE (eV) % BE (eV) % 
ME-ODTMA 285.2 94.5 286.9 5.5 
ME-75ODTMA 285.2 91.4 286.9 8.6 
ME-CP 284.7 75.8 286.4 24.2  
ME-75CP 284.9 75.5 286.5 24.5  
WXFN-ODTMA 284.7 92.0 286.7 8.1 
WXFN-CP 284.8 76.3 286.5 23.7 
WXFN-75CP 284.6 75.7 286.5 24.3 
WXFP-ODTMA 284.7 83.2 286.6 16.8 
WXFP-CP 284.5 80.4 286.5 19.6 
WXFP-75CP 284.7 75.8 286.4 24.2 
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4.2.3 Further Evidence for the Arrangement of Intercalated Surfactants – ATR FT-IR 
ATR FT-IR is a dominant surface technique used to probe the configurations of surfactant 
and surfactant/layered silicate interactions. Figure 4.4a shows the ATR FT-IR spectra for ME 
and the associated organo-fluoromicas. The spectra of ME indicates the presence of adsorbed 
water (3446 cm
-1
 and 1638 cm
-1
). The other bands are assigned to Si-O-Si (967 cm
-1
), Mg-
Mg-OH (697 cm
-1
) and OH (3643 cm
-1
) of crystalline layered silicate. The surface 
modification presents new bands at 1477 cm
-1
 and 2800-3000 cm
-1
, caused by CH2 scissoring 
and CH2 symmetric and CH2 asymmetric stretching vibrations, respectively. The decreased 
intensities of bands at 1638 cm
-1
 and 3446 cm
-1
 may suggest that the hydrated cations such as 
Na
+
 have been exchanged with organic surfactants, which would also make a more 
hydrophobic environment in silicate galleries. 
Figure 4.4b shows the Si-O stretching of ME and ME organo-fluoromica. The modification 
of ME leads to a shift in the Si-O band to higher wave numbers. The shape and broadness of 
Si-O bands in the organo-fluoromicas spectra is not significantly altered. This indicates that 
modified fluoromicas are reduced of adsorbed water. The CH2 symmetric, CH2 asymmetric 
and CH2 scissoring are sensitive to the configuration of surfactants
34
 and the inter-chain 
interactions
20
, respectively. The CH2 symmetric, CH2 asymmetric and CH2 scissoring of 
“free” surfactants and surfactants are bound to fluoromica layers are displayed in Figure 4.4c 
and d, whereas the band positions are given in Table 4.5. The CH2 symmetric and CH2 
asymmetric of very polar CC are very weak and therefore could not be determined. A similar 
study has been reported for CC surfactant.
35
 Based on this study, the sensitivity of CH2 
asymmetric to the configuration change is higher than that of CH2 symmetric. The influence 
of CC on CH2 asymmetric is most likely dependent on the structure of second surfactant.
35
 In 
75CP, the presence of CC (25%) shifted CH2 asymmetric to a higher wave number. This 
indicates that there is an increase in the percentages of gauche conformers compared to the 
single modified counterpart.
20,36
 It is proposed that the physical chemistry of the surfactant 
tends to change in the crystalline state from solid-like to more liquid-like with the ME silicate 
galleries. The surfactant configuration in the crystalline state is typically trans. However, it 
should be mentioned that the influence of the polar -OH group in CC can lead to a reduced 
surfactant packing arrangement in the ME-75CP. The CC presents a similar influence to 
alcohols on the configuration of surfactant monolyeres.
37
 In contrast to the CH2 asymmetric 
of ME-75ODTMA, the configuration of 75ODTMA surfactant on the ME surface is 
relatively unaffected by the presence of CC. 
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In addition to CH2 symmetric and CH2 asymmetric, the CH2 scissoring position and split can 
provide some information about the packing arrangements and inter-chain interactions of 
alkyl-chains.
38
 The difference in CH2 scissoring band shapes is thought to be dependent on 
the chemical structure of the surfactant. The presence of a doublet stems from an increase in 
the packing density. More specifically, the presence of surfactants are packed in an 
orthorhombic arrangement, the CH2 scissoring band splits, which indicates that there are 
strong inter-chain interaction in organo-fluoromica.
24
 The spilt band of CH2 scissoring was 
observed in ODTMA and CP scissoring vibrations, while CC shows a single peak. Upon 
intercalation, the CH2 scissoring band of ODTMA, which previously showed a doublet, 
combines into a single peak in ME-ODTMA and ME-75ODTMA. This indicates that the 
inter-chain interactions have been reduced due to the surfactants being bound to the ME 
layers. The upwards shift of CH2 scissoring in ME-75ODTMA may suggest that the presence 
of CC serves as a spacer molecule to increase the average lateral spacing between the 
adsorbed surfactants. Therefore, the inter-chain interactions are decreased, as revealed by the 
increase in the wavelength for CH2 scissoring. The CH2 scissoring of ME-75CP is relatively 
unaffected by CC, indicating that the CC is not acting as a spacer compound in this structure. 
This would imply that CP and CC might be less phase-mixed than the ODTMA/CC surface 
modified system. 
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Figure 4.4 ATR FT-IR spectra for a) ME and organo-fluoromicas, b) Si-O bands, c) CH2 
symmetric and asymmetric stretching, and d) CH2 scissoring vibrations of surfactants and the 
corresponding organo-fluoromicas. All spectra have been normalised to a Si-O-Si band at 967 
cm
-1
 and shifted vertically for clarity. 
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Table  4.5 Assignment of CH2 scissoring, CH2 symmetric and CH2 asymmetric stretching 
vibrations of “free” surfactants and those intercalated within organo-fluoromicas and organo-
hectorites galleries. 
 CH2 scissoring CH2 symmetric CH2 asymmetric 
CC 1479 - - 
ODTMA 1461, 1473 2848 2916 
CP 1471, 1488 2849 2912 
ME-ODTMA 1470 2850 2923 
ME-75ODTMA 1472 2852 2922 
ME-CP 1467, 1486 2850 2924 
ME-75CP 1468, 1487 2851 2926 
WXFN-ODTMA 1469 2851 2920 
WXFN-CP 1466, 1487 2851 2919 
WXFN-75CP 1468, 1488 2852 2926 
WXFP-ODTMA 1471 2851 2919 
WXFP-CP 1466, 1487 2851 2920 
WXFP-75CP 1468, 1489 2853 2924 
 
Figure 4.5a and Figure 4.6a display the ATR FT-IR spectra of WXFN, WXFP and their series 
of organo-hectorites, respectively. The observed peaks in the WXFN and WXFP spectra are 
assigned to the layered silicate (966 cm
-1
, 980 cm
-1
), adsorbed water (1645 cm
-1
 and 3394-
3437 cm
-1
), structural –OH in the octahedral layer (3613-3623 cm-1), and possibly 
carbonaceous contaminants (1430 cm
-1
).
39
 The exchanged surfactants on the silicate surface 
are proven with the appearance of CH2 symmetric and CH2 asymmetric (2800-3000 cm
-1
), 
and CH2 scissoring stretching vibrations (1477-1485 cm
-1
), CH2 wagging (1300-1400 cm
-1
) 
and rocking (700-770 cm
-1
) modes. The modification of the silicate layer causes a reduction 
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in the amount of adsorbed water, which is indicated by a decreased intensity peak at 1645 cm
-
1 
and 3394 cm
-1
. On the other hand, the chemical structure of the surfactants appears to affect 
the amount of adsorbed water. The amounts of adsorbed water are the highest in WXFN 
hectorites modified with single surfactants of ODTMA and CP. In contrast to WXFP organo-
hectorites, ODTMA and CP have significantly reduced amounts of adsorbed water. The 
rough calculation of CEC saturation presented in Table 4.6 proposes the existence of a small 
amount of excess surface modifiers, which might be intercalated as an ion pair or adsorbed on 
the external surface in single modified WXFN organo-hectorites. Single surfactants modified 
low aspect ratio hectorites (WXFP) are able to make a hydrophobic environment in the 
silicate layers, whereas hydroxyl groups in dual 75CP may form hydrogen bonds with water 
molecules. 
In Figure 4.5b, the broadness of the Si-O band decreases after modification in WXFN-75CP. 
This may be related to the reduction of adsorbed water. The appearance of a shoulder at 1107 
cm
-1
 corresponds to the perpendicular Si-O stretching, indicating that the Si-O arrangements 
are more ordered in the intergarllery of silicate.
40
 The shape and broadness of these peak 
bands, which contain fewer water molecules compared to those of WXFP-75CP, are shown 
in Figure 4.6b. However, the single surfactant resulting in the presence of two peaks 
corresponding to Si-O are found at the wavelengths of 1076-1069 cm
-1 
and 966-980 cm
-1
. The 
shape and broadness of these Si-O bands in the WXFN and WXFP organo-hectorites spectra 
are significantly altered. According to Praus et al.
41
, the difference in Si-O stretching band 
intensities might be due to the change of Si-O dipole moments on the positive charge of the 
modified silicate surface, which causes Si-O bond polarisation and, hence, the Si-O dipole 
moment and the increased stretching band intensities. It is most likely influenced by the 
surfactant chemical structure and CEC saturation, further altering orientation of SiO4 
network.
40
 
Figure 4.5c and d and Figure 4.6c and d compare CH2 symmetric, CH2 asymmetric and CH2 
scissoring stretching vibration of “free” surfactants to those intercalated within organo-
hectorites, and a summary of these band positions are provided in Table 4.5. In general, the 
organo-hectorites shifted to a higher frequency and the peak broadenings are attributed to the 
presence of gauche conformers in the configuration of surfactant (similar to organo-
fluoromica system).
21,36 
The shifts of CH2 symmetric and CH2 asymmetric to surfactants and 
upward upon intercalation, suggest that the surfactant configurations did change from a state 
of crystalline all-trans to a liquid-crystalline state, which contains both trans and gauche 
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conformers. WXFN-75CP and WXFP-75CP underwent a similar affect with CC, and the 
presence of CC in organo-silicates increased the percentage of gauche conformers (similar to 
ME-75CP). The packing density of 75CP surfactant inside the WXFN gallery is decreased 
accordingly. The increase in WXFN-75CP gauche configuration may be due to the presence 
of polar OH groups imparted by CC. 
Based on the CH2 scissoring results done for organo-fluromicas, the upward shift of CH2 
scissoring indicates weaker inter-chain interactions. CH2 scissoring in WXFP-75CP is higher 
than WXFN-75CP, indicating that the inter-chain interaction is low. The presence of CC does 
not provide a significant influence on the inter-chain interactions in 75CP organo-fluoromica. 
Nonetheless, CP can be separated even further by CC, which acts like a spacer molecule. 
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Figure 4.5 ATR FT-IR spectra for a) WXFN and organo-hectorites, b) Si-O bands, c) CH2 
symmetric and asymmetric stretching, and d) CH2 scissoring vibrations of surfactants and the 
corresponding organo-hectorites. All spectra have been normalised to a Si-O-Si band at 966 
cm
-1
 and shifted vertically for clarity. 
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Figure 4.6 ATR FT-IR spectra for a) WXFP and organo-hectorites, b) Si-O bands, c) CH2 
symmetric and asymmetric stretching, and d) CH2 scissoring vibrations of surfactants and the 
corresponding organo-hectorites. All spectra have been normalised to a Si-O-Si band at 980 
cm
-1
 and shifted vertically for clarity. 
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4.2.4 Thermal Stability of Organo-fluoromicas and Organo-hectorites 
The thermal stability of surface modification in layered silicates is affected by various 
factors; for instance, the chemical structure of surfactants
17,42
, the existence of alkyl salts (e.g. 
NaBr and NaCl)
43,44
, and the surface chemistry of silicate minerals.
14,18
 The main degradation 
paths for organo-silicates containing alkylammonium surfactants are Hofmann-type 
elimination and nucleophilic substitution
42
, as shown in Figure 4.7. The earlier mechanism 
includes the removal of a hydrogen atom of β-methylene by bases to simultaneously 
reproduce the alkenes and tertiary amines. This type of path is assisted by the existence of 
Lewis base sites
42,45
, while the later mechanism takes place in the existence of halides.
42 
The 
smallest sterically-hindered groups or electrophilic groups, for example methyl or benzyl, are 
more subjected to the nucleophilic attack by halide-caused tertiary amines and alkyl halides. 
As a result, in the non-existence of excess alkyl surface modifier (ion pairs) and salts, the 
degradation path is most probably involved in a Hoffmann-type elimination. A similar result 
has been reported on the effect of excess surface modifiers of montmorillonite on the thermal 
stability.
46
 The commercial organo-silicates, such as Cloisite 15A and Cloisite 30B generally 
contain excess surface modifier, and it has been suggested that the degradation products of 
these organoclays takes place as both Hoffmann-type elimination and nucleophilic 
substitution. However, the surface modifying fluoromicas and hectorites were added in the 
amount such that there was no excess above the silicate CEC. While it is possible for this to 
result in an incomplete surface modification with some remaining unmodified sites, it 
removes the probability of depositing the surfactants onto the silicate surface. This was 
required to avoid a preferred exchange, and, hence, differences in exchanged surfactant ratios 
and quantities. The removal of the excess modifier could reduce the level of polymer 
degradation during processing. This, in turn, influences the overall performance of the most 
promising polymer layered silicate systems. It was observed that three different sized 
particles of organo-fluoromica ME and organo-hectorite WXFN and WXFP had different 
onset temperatures. This is important because the typical melt processing range for TPE-E 
compounding is between 190ºC to 250ºC. 
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Figure 4.8a shows the degradation pattern of organo-fluoromicas and the corresponding rate 
of degradation. The TGA curve of ME is characterised by only one mass loss at a 
temperature below 100°C due to dehydration. Dehydroxylation, which is commonly observed 
at temperatures higher than 600°C, does not occur because the hydroxyl groups at the edges 
of the clay have been substituted with fluorine.
18,47
 
The TGA curves of organo-fluoromicas usually consist of two mass losses, suggesting that 
the degradation products are produced in a step-wise manner. The mass losses occur at 
temperatures firstly below 105°C and secondly between 200°C and 450°C, and are assigned 
to the dehydration and decomposition of exchanged surfactant, respectively. The degradation 
starts at a temperature as high as 200°C, making these organo-fluoromicas more suitable for 
higher temperature polymer processing and compounding methods, such as twin screw melt 
extrusion.  
The onset temperature is often defined as the temperature at which a certain percentage of 
organo-silicates remain. For an example, T90% corresponds to the temperature when the total 
mass loss is 10 wt%. The onset temperature of organo-fluoromicas ranges from 200°C to 
240°C, as shown in Table 4.6. A shift and reduced rate of mass loss are evident in the three 
decomposition peaks, which could be affected by the distribution of surfactants in the organo-
silicates. The surfactant on the external surface of organoclay tactoids is reported to degrade 
at a lower temperature.
44
 The dual surfactant modified organo-fluoromicas show a decreased 
(a) 
(b) 
Figure 4.7 Primary degradation paths for organo-silicates comprising quaternary ammonium 
salts: (a) Hofmann-type elimination and (b) nucleophilic substitution.
42
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rate in the mass loss. The thermal stability of dual-modified organo-fluoromicas is influenced 
by the configuration of the surfactants. When CC is present, the surfactants tend to take on a 
more disordered configuration. They (particularly the shorter choline modifier) are located 
closer to the crystalline layers of ME. Therefore, they may obtain a better heat shielding 
effect.
48
 The XRD analysis of organo-fluoromicas presented in section 4.2.1 indicates that the 
presence of CC in dual surfactants may have affected the long-range order in ME-
75ODTMA. The onset of thermal degradation of organo-fluoromica increases in the 
following sequence: ME < ME-75ODTMA < ME-ODTMA < ME-CP < ME-75CP. Table 4.6 
details the the organo-fluoromicas‟ CEC saturation range (0.5-1.0), indicating the presence of 
excess surface modifier in some of the organoclays, i.e. ME-ODTMA and ME-75ODTMA. 
Although a small amount of elemental sodium is measured via XPS in section 4.2.2, this may 
be a result of an incomplete ion-exhange reaction or unwashed alkyl salts. While excess 
surface modifiers and salts are present, both Hofmann-type elimination and nucleophilic 
substitution mechanisms may take place.
42
 The 75CP dual surfactant modified fluoromica is 
more thermally stable than 75ODTMA modified fluoromica. Nevertheless, the results 
attained by ATR FT-IR of organo-fluoromicas show that the configuration of 75CP is less 
affected by the presence of CC.  
 
Figures 4.8b and c display the TGA curves of WXFN, WXFP and the associated WXFN and 
WXFP organo-hectorites, respectively. Two mass losses are observed, corresponding to 
dehydration at a temperature below 110°C, surfactant decomposition at 110°C - 600°C, and 
dehydroxylation at a temperature above 600°C, as shown clearly in the DTG profiles for 
WXFP organo-hectorite. The decomposition curves and the calculated CEC are given in 
Table 4.6. In agreement with the ATR FT-IR results above, the amount of adsorbed water 
decreases after the surface modification. The degradation of WXFN-CP organo-hectorite 
produces a significant amount of aldehydes. On the contrary, WXFN-75CP produces a small 
quantity that is related to the presence of oxygen in the surfactant structure of 75CP. An 
organic modifier with long alkyl chains is able to displace the Na
+
 cations effectively and 
contribute to the high degree of hydrophobicity compared to a modifier with short alkyl 
chains.
33
  
 
WXFN-ODTMA and WXFP-ODTMA organo-hectorites decompose at about 200°C, while 
CP and 75CP modified organo-hectorites exhibit a higher onset temperature of about 215-
245°C. This is converse to the XRD results in WXFN and WXFP, which show that the 
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presence of CC in dual-modified organo-hectorites reduces the long-range platelet order. The 
ATR FT-IR results of dual surfactant suggest that the configuration of 75CP is more affected 
by CC. The onset temperatures of WXFN-ODTMA and WXFP-ODTMA are similar, 
although the surfactants in the former take on a more ordered configuration. The disordered 
interlayer structure might expose the surfactant to heat and, hence, result in decreased onset 
temperatures of ODTMA. The altered configuration in WXFN-ODTMA does not 
significantly affect the layer-layer registration. WXFP-75CP, with the high degree of inter-
layer registration, shows the highest onset temperature. This may indicate that the lateral 
mono-layer arrangement of CC additionally contributes to the enhancement of thermal 
stability (compared to single CP). The dual surfactant modified organo-hectorites displays a 
reduction in the rate of mass loss. Referring back to ATR-FT-IR, the surfactants take on a 
more disordered configuration and decreased inter-chain interactions in the presence of CC 
and, hence, it is expected that the alkyl chains would be less “stretched” and more likely to be 
located closer to the hectorite layers or, rather, radiating away.
48
 This result suggests that the 
closer alkyl chains to the silicate layers might have obtained a higher shielding influence 
from the silicate. The presence of less surface modifier to degrade in these organo-silicates 
may also contribute to the reduction in the rate of mass loss when compared to single 
modifier counterparts. 
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Table  4.6 Compositions, CEC saturation and thermal properties of organo-fluoromicas and 
organo-hectorites. 
 
*
 CEC saturation was calculated by dividing the calculated value of exchanged quaternary 
alkyl ammonium and alkyl pyridinium with silicate CEC. 
**
Appeared as a shoulder instead of a peak. 
 
 
 
 
 
 
 
 
 
Organo-silicate 
Type 
Water 
(%) 
Organic 
(%) 
Inorganic 
(%)  
CEC 
Saturation
* 
Tonset 
(ºC)
 
Decomposition peaks (°C) 
1
st
 2
nd
 3
rd
 
ME 1.2 0 98.3 - - - - - 
ME-ODTMA 2.4 27.2 70.4 1.0 215 284 331 431 
ME-75ODTMA 2.6 24.7 72.7 1.0 205 276 321 426 
ME-CP 1.2 21.1 77.7 0.7 231 - 347
** 
420 
ME-75CP 1.3 15.1 83.6 0.5 236 - 310 384 
WXFN 11.1 0 88.9 - - - - - 
WXFN-ODTMA 5.2 36.4 58.4 1.3 202 - 306, 349
**
 440 
WXFN-CP 4.1 34.2 61.7 1.2 216 - 307 417 
WXFN-75CP 3.9 28.9 67.2 1.1 224 288 - 400 
WXFP 11.5 0 88.5 - - - - - 
WXFP-ODTMA 4.6 34.6 60.8 1.2 206 - 309, 359
**
 557 
WXFP-CP 3.6 32.2 64.2 1.1 228 - 373 554 
WXFP-75CP 3.6 27.4 69.0 1.0 243 - - 410 
(b) 
(a) 
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Figure 4.8 TGA profile (left) and DTG profile (right) of organo-fluoromicas (a) and organo-
hectorites (b and c). 
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4.3 Conclusions 
The physico-chemical properties of high or low aspect ratio ME or WXFN and WXFP 
modified with single and dual organoclay surface modification have been investigated. High 
aspect ratio organo-fluoromicas show multiple XRD diffraction patterns because of the 
heterogeneous charge density. The intercalation of alkyl ammonium surfactant results in a 
larger d-spacing when compared to alkyl pyridinium. The long-tailed and more bulky 
modifier is capable of expanding the clay layers more efficiently. The presence of a polar 
surface modifier (CC) did significantly increase the order of platelet registration in dual-
modified organo-fluoromicas. On the contrary, low aspect ratio organo-hectorites show 
poorly-organised dual surfactant arrangements, presumably due to the inability of these 
organoclays to stack into tactoids with long-range order.  
The exchange of surface modifiers is evident by the appearance of a nitrogen atom in XPS 
results and the reduction of elemental sodium atom percentage. The presence of CC in dual-
modified high or low aspect ratio is indicated by the increase of C-N and C-O percentage, 
compared to that of the single-modified counterparts. The interaction between surfactant, 
adsorbed water, and silicate layers might influence the orientation of Si-O in tetrahedral 
sheets. Surfactants take on a less ordered configuration when intercalated in the gallery of 
low aspect ratio. The presence of CC tends to increase the degree of disorder in WXFN-75CP 
and WXFP-CP. ME-75CP is diminished, indicating that the surfactant configuration and 
inter-chain is not significantly influenced by the CC. The degree of phase mixing of dual 
modified fluoromicas is higher than dual modified hectorites.  
The degradation onset in organo-fluoromicas increases as follow: ME-75ODTMA < ME-
ODTMA < ME-CP < ME-75CP. The high aspect ratio may decompose in line with both 
Hofmann-type elimination and nucleophilic substitution paths. Amongst all organo-
hectorites, the WXFP-75CP had the highest onset temperature (about 243
°
C), suggesting that 
CC may reduce the rate of mass loss through the alteration of surfactant configurations. The 
75CP dual-modified organo-fluoromica is generally more thermally stable than the single 
modified counterpart. The same trend was observed in the 75CP organo-hectorites. The 
degree of CEC saturation of ME-75CP is the lowest compared to the other dual modified 
organo-hectorites. This is probably because of the high solubility of 75CP in water during the 
modification process. In previous studies
49,50
 layered silicates with a large rate of surface 
modifier loss were influenced by the silicate surface. It has been demonstrated that the 
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surface of a silicate may act as a catalyst for the scission of modifier chains. In comparison to 
the surface modification used here, the single-modified silicates results in a much greater rate 
of mass loss compared to their dual-modified counterparts. This might cause a more rapid 
mass rate loss from the silicate surface, which in turn could influence the overall performance 
of the nanocomposites. This is investigated further in Chapter 5. 
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Chapter 5 The Influence of Hydrophobicity and Aspect Ratio of Organically-Modified 
Nanoclays on the Properties of TPE-E Nanocomposites Prepared by Melt 
Compounding 
 
5.1 Introduction 
In thermoplastic elastomer (TPE) nanocomposites, both the dimensions and the surface 
energy of the nanofiller, with respect to TPE hard and soft microphases, can influence the 
structure and properties of the nanocomposite produced.
1
 
Previous research has assessed the effects of various surface modifiers on the properties of 
TPE-E/organo-silicate nanocomposites.
1-3
 Nanofiller reinforcement efficiency is highly 
dependent on silicate surface energy matching
4
; this is based on different factors, which 
include the organic surfactant functionality
5
, length of the surfactant
6
, packing density, 
interaction between the silicate surface and the surfactant and the amount of surfactants on 
the silicates.
7
 Nevertheless, no systematic method has been established to facilitate surfactant 
selection for TPE-E/layered silicate systems. Therefore, a systematic assessment of a series of 
organo-silicates prepared with controlled hydrophobicity was carried out in order to identify 
the most TPE-E compatible organo-silicate. Theoretically, an “ideally compatibilised” TPE-
E/organo-silicate system has the potential to promote the development of mechanical 
properties, which is a major focus of this thesis. 
For TPE-E/layered silicate nanocomposites to attain success, it is vital to consider the critical 
issue of the nanofiller surface modification. However, the substrate nanofiller
8
 that is added 
(e.g. a natural or synthetic layered silicate) and the associated aspect ratio
9
 can also affect the 
degree of TPE-E nanofiller interactions, resulting in differing nanocomposites properties. 
Hence, it is essential that these factors are explored systematically to ensure that the 
compatibility between the organo-silicate and TPE-E is attained in an effective manner for 
the purposes of dispersion and exfoliation achievement. The enhancement of TPE-E specific 
property profiles relies on the determination of an ideal nanofiller loading and aspect ratio. 
As indicated previously, the aim of the project is to attain enhancement in tear, tensile and 
creep resistance without increasing stiffness or reducing tensile strain at break. 
In this chapter, TPE-E (Hytrel® 3078) nanocomposites containing high and low aspect ratio 
organo-silicates with various types of surface modification were prepared by melt 
compounding (described earlier in Chapter 3), using a commercially available high aspect 
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ratio fluoromica (Somasif ME100) and low aspect ratio hectorites (Laponite WXFN and 
WXFP) as synthetic silicate nanofiller substrates. The nanofillers were prepared by 
employing four different surface modifications, as listed in Table 4.1 (Chapter 4). These 
modifications, with gradations in hydrophobicity, were selected in order to effectively assess 
and optimise TPE-E/organo-silicate interactions and, thus, nanocomposite properties. 
5.2 Results and Discussion 
5.2.1 XRD Analysis of the Organo-fluoromica and Organo-hectorite Nanocomposites  
The structure of nanocomposites was characterised by the use of XRD, which measured the 
shape, position and the intensity of the basal reflection coming from the organo-silicate 
platelet layers and tactoids, or clay stacks. An increase in the silicate interlayer distance was 
observed when the polymer chains were intercalated between silicate layers, thereby resulting 
in a shift of 001 diffraction peaks to lower angles. On the other hand, no diffraction was 
observed on the exfoliated structures, in which mostly discrete single silicate layers were 
fairly well-dispersed in the polymer matrix. An expansion of the diffraction is normally a 
likely indication of a partial exfoliation, due to the decreased crystallite size and degree of 
registration, however, results can only be compared for a given substrate and aspect ratio 
because typically high aspect ratio organo-silicates give rise to a longer range order and, 
therefore, a more intense diffraction signature. 
Figure 5.1a, and b shows the XRD patterns of TPE-E nanocomposites with 2 and 4 wt% of 
organo-fluoromicas in the diffraction angle range 2θ = 2–10°. The d-spacings for the organo-
fluromica nanocomposites are summarised in Table 5.1. The incorporation of the series of 
organo-fluoromicas into the TPE-E host resulted in sharper XRD signals with respect to the 
other lower aspect ratio organoclays. As was the case with the ME-75CP powder, the ME-
75CP nanocomposites gave rise to four diffraction peaks with the strongest intensity, but all 
nanocomposites in this series displayed of three to four peaks due to the very high aspect 
ratio of this fluoromica substrate, combined with the retention of registration in the tactoid 
agglomerates. The XRD of 2ME-CP and 2ME-75CP nanocomposites revealed well-defined 
diffraction peaks (001) at 2θ = 3.0-3.2°, corresponding to the d-spacing of the ME-CP and 
ME-75CP platelets presented in Chapter 4 (4.2.1). An increase in interlayer distance is 
commonly described by an intercalated structure (alternating polymer and clay layer).
10
 The 
increase in d-spacing between the dual modified ME is slightly larger than that observed in 
single modified ME, indicating that, while there is still an intercalated structure, the quantity 
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of TPE-E intercalating between the ME layers has increased. This increase is potentially a 
result of a favourable enthalpic interaction of TPE-E-containing polar groups with dual 
modified ME, capable of offsetting the entropic penalty associated with the confinement of 
polymer chains. This could allow for both hard and soft segments to penetrate into the clay 
interlayer gallery. It was reported that polymers that were most attracted to the organoclay 
would only produce an intercalated structure.
11 
Instead, polymers that contain a segment that 
is most attracted to the clay surface would drive the polymer into the interlayer gallery and a 
longer segment not attracted to the clay surface would attempt to recover entropy by forcing 
the layers away from each other, resulting in an exfoliated structure.
11
 
2ME-75CP and 2ME-75ODTMA organo-fluoromica dispersed well in TPE-E due to the 
surface modifier having functional hydroxyl groups that provided a thermodynamically 
favourable interaction with the TPE-E matrix, allowing for enhanced clay platelet 
intercalation and dispersion.
6,11,12
 Both organo-fluoromicas revealed ordered-intercalated 
nanocomposites, composed of large stacked platelets, or tactoids. Their dispersion into the 
host TPE-E was confirmed by TEM analysis (further discussed in Chapter 6).  
In comparison to the other systems, 2ME-ODTMA nanoparticles tend to reveal weaker XRD 
signals, due to the improved TPE-E interactions and intercalation between the platelets, 
which results in smaller tactoids and the disruption of long-range registration. This is 
critically important due to the fact that pristine organo-flouromica has large platelets that are 
sandwiched together. The low intensity of the signals is essentially indicative of the number 
of ordered diffraction centres, which is slightly low; there could be an appreciable amount of 
single intercalated platelets or the potential to achieve some extent of exfoliation in this 
system. However, the d-spacings for TPE-E of 2ME-ODTMA and 2ME-75ODTMA 
nanocomposites were determined from the d(001) plane peaks at 2θ = 2.62° (3.4 nm) for 
2ME-ODTMA and 2θ = 2.47° (3.4 nm) for 2ME-75ODTMA. These results elucidate that 
there was a good degree of TPE-E intercalation attained in this system. Generally, the smaller 
interlayer distance that is evident at a higher clay content can be attributed to the increased 
number of intercalated structures. This is due to the increase in organo-fluoromica content, 
which consequently hinders the exfoliation of individual silicate layers and, thus, the 
achievement of a higher d-spacing.
13
  
Figure 5.2a, b represents XRD patterns of TPE-E nanocomposites with 2 and 4 wt% of 
WXFN organo-hectorites, respectively, while Figure 5.3a, b shows nanocomposites with 2 
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and 4 wt% of WXFP organo-hectorites, respectively. The d-spacings for TPE-E organo-
hectorite nanocomposites are given in Table 5.1. The d-spacing for 2WXFN-ODTMA 
nanocomposite was determined from a d(001) plane peak at 2θ= 2.3° of around 3.8 nm, and 
reveals a relative degree of polymer intercalation that can be attained in the system. The 
interlayer spacing was nearly the same value for all of the nanocomposites. This further 
proves that the two size aspect ratios of organo-hectorites behave similarly 
thermodynamically.
11,12
 
However, the reduction in intensity and peak broadening observed 
with the decreasing stack size and diameter is likely caused by a reduction in length, as well 
as the ordering, of repetitive layered structure, which can be seen in WXFP-75CP, for 
example. Diffraction peaks of WXFP-75CP are uncommon, since the d(001) plane peak is 
smaller than the d(002) peak. It is believable that when overlapping with the broad diffraction 
peak from the host matrix, the d(002) peaks of dual surfactant tail-modified clay should 
become higher than that of the usual one, however, the degree of overlapping does not make 
the d(002) peak higher than the d(001) reflection (compared to WXFN-75CP). We postulate 
that the visible second reflection from WXFP-75CP is essentially a combination of the d(002) 
peak, involving the d(001) reflection at 2θ=2.88° and another first reflection from stacks of 
ordered organoclay of smaller interlayer distance. This suggests that the organo-hectorites in 
TPE-E partition into two groups, illustrating two different peak arrangements. Theoretically, 
the partition of layered silicate is attainable by a coexistence of two phases.
14
 The sharp and 
intense d(001) reflection in WXFP-ODTMA shows that the number of diffraction centres in 
TPE-E is higher and the stacks of organo-hectorite are more evenly dispersed within the 
nanocomposites. Therefore, it seems reasonable to say that there are fewer isolated filler 
particles, or less exfoliation in these systems. However, it would not be accurate to suggest 
that a larger degree of host polymer intercalation and exfoliation is responsible for the 
diminished interlayer spacing signature of the smaller synthetic organo-silicates. Generally, a 
decrease in the ordering and stack size between the layers would result in a reduction of the 
intensity of the structure factor term. Vaia and Liu
15
 evaluated the overall impact of the 
reduction in synthetic organo-silicate layers, and subsequent structural strength assessment 
revealed that a weak structure factor, in combination with other dependent terms, may 
contribute to the scattering of the results and shifting of d(001) peak along the lower angles.
 
As a result, it can be concluded that despite the differences in peak position, the two organo-
hectorites have the same interlayer spacing. 
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Figure 5.1 XRD patterns of TPE-E containing 2 wt% (a) and 4 wt% (b) ME organo-
fluoromica nanocomposites. Note that in the case of TPE-E containing 2 and 4 wt% of ME-
ODTMA and ME-75ODTMA, the XRD patterns have been clarified at the low relative 
intensities. 
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Figure 5.2 XRD patterns of TPE-E containing 2 wt% (a) and 4 wt% (b) WXFN organo-
hectorite nanocomposites. 
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Figure 5.3 XRD patterns of TPE-E containing 2 wt% (a) and 4 wt% (b) WXFP organo-
hectorite nanocomposites. 
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Table  5.1 The d-spacing for TPE-E organo-fluoromica and organo-hectorite nancomposites. 
Organo-silicate 
Nanomposites 
d-spacing (nm) 
2ME-ODTMA 3.4 1.8 - 1.2 
2ME-75ODTMA 3.6 1.8 - 1.4 
2ME-CP 3.0 1.8 - 1.2 
2ME-75CP 2.8 1.7 1.3 1.1 
2WXFN-ODTMA 3.8 1.9 1.2 - 
2WXFN-CP 3.4 1.8 - - 
2WXFN-75CP 3.2 - 1.4 - 
2WXFP-ODTMA 3.2 1.7 1.1 - 
2WXFP-CP 3.4 1.9 - - 
2WXFP-75CP 3.1 - 1.4 - 
  
4ME-ODTMA 3.3 1.7 - 1.2 
4ME-75ODTMA 3.4 1.8 - 1.4 
4ME-CP 2.7 1.7 - 1.1 
4ME-75CP 2.8 1.6 1.3 1.1 
4WXFN-ODTMA 3.6 2.0 1.3 - 
4WXFN-CP 3.4 1.8 - - 
4WXFN-75CP 3.6 - 1.4 - 
4WXFP-ODTMA 3.2 1.7 1.1 - 
4WXFP-CP 3.6 1.9 - - 
4WXFP-75CP 3.4 - 1.4 - 
 
5.2.2 Tensile Properties of Organo-fluoromica and Organo-hectorite Nanocomposites 
The effects of organo-silicate loading on the mechanical properties of melt compounded 
TPE-E (blank TPE-E and nanocomposites) are shown for the initial part of the tensile and 
complete tensile curves of the ME, WXFN and WXFP nanocomposites in Figures 5.4(a,b), 
5.5(a,b) and 5.6(a,b), respectively. Table 5.2 shows a summary of the tensile properties. The 
values shown represent the ultimate tensile strength (UTS), which was determined by taking 
the maximum stress value at which the material did not break. The tear strength was 
determined by measuring the maximum tensile stress due to tearing that the material could 
withstand.  
The most suitable mechanical properties were obtained in cases where 2 wt% ME-ODTMA 
was incorporated, leading to an increase of 17% in UTS and around 10% for tear strength. 
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The organo-fluromica platelets of ME-ODTMA have a higher aspect ratio and, therefore, act 
as more efficient reinforcing elements.
16
 The filler reinforcement of WXFN and WXFP 
organo-hectorites was less effective, as indicated by the decrease in tensile strength. The 
relatively higher degree of nanofiller agglomeration in these systems, combined with a 
platelet size that could be considered below the critical diameter required for effective 
reinforcement, led to a reduction in tensile performance.
17
 The usual explanation for re-
agglomeration through increasing organoclay content is that the amount of available matrix 
macromolecules becomes less than is required for a complete exfoliation (which means there 
has been an ideal intermingling between the molecules of the polymer and those of the 
intercalating compounds of organoclay). Practically speaking, the much longer extruder 
residence time that would be required for supreme dispersion at higher nanofiller loadings 
would be associated with other deleterious problems, such as thermal degradation and loss of 
TPE molecular weight, so these processability contraints are also important to consider. The 
UTS curve of ME-ODTMA nanocomposite (2 wt% loading) shows a very high initial tensile 
modulus with a wide yield point at lower strains, compared to nanocomposites containing 
smaller particle diameters. The enhanced properties of tensile modulus in TPE-E 
nanocomposites are likely due to the plasticising effect provided by the exchanged ODTMA 
surfactant in organo-fluoromica. The steady increase in tensile strength at higher strains is 
attributed to the crystalline hard segment orientation with the applied stress direction. The 
effect of dual surfactant 75ODTMA organo-fluoromica and the slight increase in UTS, and 
why it seems to decrease of elastic modulus, are not fully understood. However, it is expected 
to relate to the presence of the hydroxyl groups on the fluoromica surface. In addition to the 
surface degradation of 75ODTMA dual surfactant, the reason for the reduced upturn in the 
nanocomposite may be a result of the higher crystallinity in the hard segment, which is 
assumed to restrict crystallisation of the soft segment.
18
 The temperature necessary for the 
melt extrusion process for TPE-E (~250°C) was higher than the onset temperature of 
degradation of the dual surfactant (~205°C). In comparison to the higher onset of CP and 
75CP single and dual surfactant degradation temperatures obtained by TGA results, the UTS 
properties of CP or 75CP organo-fluoromica nanocomposites were markedly reduced by 
about 10% of the tensile stress and also broke at about 15% of the ultimate strain, compared 
to blank TPE-E. The nanocomposites from the extruder appeared less viscous than those 
observed for TPE-E host material, indicating that some level of degradation occurred during 
the extrusion. Although the degradation of surfactants on the silicate surface is not thought to 
happen, the organo-fluoromica might react with the molten TPE-E in the extruder to produce 
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nanocomposites with marks of degradations. However, ME-CP nanocomposites show that 
there is a slight increase in stiffness. This is probably attributed to the plasticising offset of 
the short-chain surfactant.
19,20
 The reduction in quality of nanofiller dispersion is also 
considered to be responsible for the decreased UTS with larger tactoids of ME-CP and ME-
75CP nanocomposites. The tear strengths of organo-hectorite nanocomposites, as displayed 
in Table 5.2, are also lower than those of ODTMA-modified fluoromica nanocomposites. 
Peng et al.
21
 suggested that homogenously distributed organo-silicates can macroscopically 
form a network that can mutually penetrate a polymer matrix and restrict the slippage of the 
macromolecules, and therefore, increase the tear resistance. The increased nanofiller loadings 
of 4 wt% were associated with less stiffening, presumably because of nanofiller 
“overcrowding” and ineffective dispersion. The reduced UTS and tear strength at 4% loading 
supports this observation, as do the TEM results (discussed in Chapter 6 and shown in Figure 
6.1). 
TPE-E and nanocomposite elongation properties decreased due to the incorporation of filler 
reinforcement of organo-silicates (as outlined in Table 5.2). The elongation at break of the 
host TPE-E was 2157%. The incorporation of a high or low aspect ratio indicates that the 
interference by the fillers in the mobility or deformation of the TPE-E matrix resulted in the 
physical interaction and immobilisation of the host polymer by the presence of nanoscale 
mechanical restraint.
22
 It is believed that the plasticisation effect of ME-ODTMA surfactant 
would not be appropriate for further relaxation of stresses and allows the nanocomposites to 
attain a higher ultimate precent elongation. The Young‟s modulus for the nanocomposites 
increased continuously with decreasing clay content, especially 2 wt% ME-ODTMA, which 
achieved almost 22 MPa, compared to approximately 16 MPa for the host matrix. Generally, 
the UTS and modulus of semicrystalline host polymer increased with the degree of 
crystallinity. Nevertheless, the degree of crystallinity of polybutylene terephthalate (PBT)
 
hard segments did not increase significantly (4 wt%) with the addition of nanofiller. It 
appears that enhancement in UTS and modulus may be ascribed to multiple factors, 
including, but not limited to the change in crystallinity (molecular packing).
23
 
Based on the views and observation of Yung et al.
24
, the increased degree of exfoliation in the 
polymer may be the result of increasing particle diameter and particle stiffness. Thus, the 
higher exfoliation degree leads to an increased Young‟s modulus. As suggested by the 
composite theory, it was observed that the composite modulus increased with the size or 
aspect ratio of the synthetic clay platelet employed.  The combination of the high aspect ratio 
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and the large surface area at higher filler content can lead to enhanced agglomeration by 
inducing the stress concentration phenomenon, thereby hindering efficient load transfer to the 
TPE-E matrix.
25
  
In general, increases in the modulus are usually attributed to polarity matching in the elastic 
levels of the polymer and the nanofiller. The polymer in the presence of silicate becomes 
restrained mechanically, resulting in a significant amount of the load being transferred to the 
silicate.
26,27
 On the other hand, the amount of polymer that is restrained also increases with 
the diameter, thereby increasing the modulus. A number of previous researchers have 
reported improvements in the modulus, which were widely attributed to the dispersion of 
nanoclay particles through a reduction in the mobility of the polymer chains under loading, as 
well as improved interfacial adhesion between the polymer and the clay layers.
28,29
  
Observation of changes in the morphology and structure of the organo-fluoromica and neat 
TPE-E studied as a function of mobility or deformation have revealed that destruction is more 
effective in the organo-fluoromica nanocomposites than in neat TPE-E, since stress is more 
effectively transferred to the semicrystalline PBT hard segments.
30
 These results suggest that 
the surfactant (ODTMA) present in the interlayer of organo-fluoromica did have a significant 
effect (anchoring) on the TPE-E microphase deformation. 
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Figure 5.4 Effect of ME organo-fluoromica loading on the modulus (a) and stress-strain 
curve (b) of TPE-E (host TPE-E and nanocomposites with 2 and 4 wt% ME organo-
fluoromica in different modifications). 
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Figure 5.5 Effect of WXFN organo-hectorite loading on the modulus (a) and stress-strain 
curve (b) of TPE-E (host TPE-E and nanocomposites with 2 and 4 wt% WXFN organo-
hectorite in different modifications). 
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Figure 5.6 Effect of WXFP organo-hectorite loading on the modulus (a) and stress-strain 
curve (b) of TPE-E (host TPE-E and nanocomposites with 2 and 4 wt% WXFP organo-
hectorite in different modifications). 
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Table  5.2 Summary of tensile properties of TPE-E and organo-fluoromica and organo-
hectorite nanocomposites. 
Organo-silicate 
Type 
Tensile 
Strength 
(MPa) of 
Host 
Young‟s 
Modulus 
(MPa) of 
Host 
Elongation at 
Break (%) of 
Host 
Tear 
Strength 
(MPa) of 
Host 
Blank
*
 34.4 ± 0.8 15.9 ± 1.1 2157 ± 63 91.6 ± 4.9 
2ME-ODTMA 41.5 ± 3.4 22.1 ± 0.9 2033 ± 74 101.7 ± 3.3 
2ME-75ODTMA 35.2 ± 1.3 7.8 ± 1.2 2054 ± 54 94.2 ± 9.6 
2ME-CP 31.2 ± 1.2 16.4 ± 0.9 1856 ± 20 82.3 ± 1.8 
2ME-75CP 30.7 ± 1.3 12.2 ± 1.2 1836 ± 63 40.9 ± 0.5 
4ME-ODTMA 36.4 ± 1.3 16.2 ± 0.2 1872 ± 73  92.5 ± 3.8 
4ME-75ODTMA 35.0 ± 1.2 9.4 ± 0.5 2059 ± 74 94.1 ± 4.4 
4ME-CP 28.5 ± 1.9 11.4 ± 0.7 1890 ± 106 79.9 ± 1.0 
4ME-75CP 26.7 ± 1.9 13.9 ± 0.8 1629 ± 120 87.2 ± 2.8 
 
2WXFN-ODTMA 27.4 ± 1.2 10.0 ± 1.7 1765 ± 57 49.1 ± 1.8 
2WXFN-CP 24.4 ± 0.6 12.2 ± 0.4 1679 ± 54 75.2 ± 1.8 
2WXFN-75CP 26.2 ± 0.6 13.8 ± 0.3 1680 ± 43 87.7 ± 0.2 
4WXFN-ODTMA 23.6 ± 0.6 10.7 ± 0.8 1561 ± 57 80.6 ± 2.2 
4WXFN-CP 24.5 ± 1.1 11.9 ± 0.8 1643 ± 33 89.1 ± 1.6 
4WXFN-75CP 25.3 ± 0.6 15.5 ± 0.2 1680 ± 34 73.5 ± 1.2 
 
2WXFP-ODTMA 26.2 ±1.0 11.8 ± 0.7 1704 ± 30 53.9 ± 2.9 
2WXFP-CP 26.9 ± 0.9 10.7 ± 1.1 1724 ± 25 86.6 ± 2.0 
2WXFP-75CP 27.5 ± 0.6 12.6 ± 1.2 1701 ± 31 83.5 ± 2.0 
4WXFP-ODTMA 25.0 ± 0.9 12.3 ± 0.7 1643 ± 54 46.7 ± 1.0 
4WXFP-CP 25.1 ± 0.7 14.4 ± 0.6 1660 ± 47 72.9 ± 5.0 
4WXFP-75CP 24.7 ± 0.8 11.4 ± 1.3 1592 ± 28 80.0 ± 3.3 
        
*
Extruded neat TPE-E (PBT-PTMG) 
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The mechanical properties of TPE-E are dependent on the chemical structure of the soft and 
hard segment components. Properties such as modulus and creep resistance are primarily 
affected by the nature of the hard segment, its content and its condition of crystallisation. 
Low temperature flexibility, along with tensile and tear strength differ based on hard segment 
content and composition; however, these are also dependent on the composition of the 
amorphous phase. Hytrel® contains a polytetramethylene glycol (PTMG) soft segment and 
hard segment containing the terephthalates of a sequence of α,ω-diols, which manifests as a 
regular variety of modulus that associates with the homopolymer of the hard segment melting 
point.
31
  
TPE-Es have been asserted in the literature to have an enhanced property of low temperature 
flexibility, modulus (owing to higher crystallinity) and creep resistance.
32
 The creep 
measurements were performed for selected samples to measure their time-dependent 
dimensional stability tensile deformation. The tensile-creep modulus (Et) (the ratio of applied 
stress to tensile-creep strain) was used to evaluate the creep resistance of the TPE-E and the 
organo-fluoromica systems (except for ME-75CP). (Et) values for blank TPE-E and 
nanocomposites measured at an applied stress of 3.5 MPa and held for a period of time 
ranging from 0.1-360 minutes at room temperature, are summarised in Table 5.3, while their 
representative tensile-creep curves are displayed in Figure 5.7.  
The fast initial elongations observed for all materials resulted from a mostly elastic and 
partially viscoelastic/plastic deformation of the samples immediately after the creep stress 
was applied, independent of time.
33
 Subsequent to incubation time, the creep rate reached a 
steady state. These secondary creep steps were observed for up to 6 hours. In these tests, the 
materials did not fail. As with the incubation time, the nanocomposite incorporating 2 wt% of 
the fluoromica modified with ODTMA exhibited a significant reduction in the creep strain 
and creep rate compared to that of blank TPE-E. This clearly indicates that the incorporation 
of well-dispersed ME-ODTMA leads to improved creep resistance. The highest (Et) 
viscoelastic behaviour value was obtained with an increase of 18%.  It was found that at a 
low, continuous stress of 3.5 MPa, the stiffer 2ME- ODTMA system, which had more 
attraction towards the PTMG segment and also allowed a higher level of nanofiller 
interaction, was most able to restrain the mobility of the PTMG segment. This, therefore, 
means that under such an environment, the TPE-E extension would be minimised. 
Nevertheless, the incorporation of nanofiller at higher content (4 wt%) changed the creep 
behaviour. Notably, the 4ME-ODTMA nanocomposite reduced the creep resistance even 
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more than the TPE-E matrix, when accounting for increased deformation as well as the creep 
rate. This result suggests that the low quality of dispersion and the presence of filler 
aggregates may act as a stress concentrator.
34
 Further, the increase of nanofiller loading gives 
rise to a decrease in the elasticity of the system and, hence, leads to a higher initial elongation 
at the start of the creep test (compared to blank TPE-E). The (Et) of TPE-E was also 
influenced by the presence nanofiller. Once again, the highest (Et) value was with 2 wt% ME-
ODTMA nanocomposite, indicating that the smallest deformation occurred during the change 
from the primary to the secondary creep step. In previous studies, nanocomposites with low 
filler loads also concluded that the change in creep step led to improved dimensional stability 
of the samples.
34
 It is suggested that block copolyester nanocomposites containing more 
hydrophobic and less mobile PTMG soft segments are capable of increasing the creep 
resistance and dimensional stability of the TPE-E matrix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Tensile creep curves of host TPE-E and ME organo-fluoromica nanocomposites 
at an applied stress of 3.5 MPa. 
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Table  5.3 Tensile creep modulus (Et) of host polymer and organo-fluoromica 
nanocomposites. 
Organo-fluoromica Type Tensile Creep Modulus (Et) 
(MPa) of Host 
Blank 13.9 ± 0.6 
2ME-ODTMA 17.2 ± 0.8 
4ME-ODTMA 11.2 ± 1.1 
2ME-75ODTMA 14.2 ± 2.5 
4ME-75ODTMA 13.7 ± 0.2 
2ME-CP 11.9 ± 0.8 
4ME-CP 10.9 ± 0.5 
 
5.2.3 Differential Scanning Calorimetry 
The differential scanning calorimetry (DSC) melting and subsequent crystalline curves of the 
host TPE-E and organo-fluoromicas (ME), and two types of organo-hectorites (WXFN and 
WXFP) nanocomposites are shown in Figures 5.8, 5.9 and 5.10, respectively. The melting 
process showed two peaks of glass transition temperature (Tg) and melting temperature (Tm) 
for all materials. The first glass transition (T
1
g), occurring at approximately -70°C, and the 
first melting (T
1
m) in close proximity to 95°C, are attributed to the (PTMG) soft segment, 
while the second glass transition (T
2
g), occurring at about 4°C, and the second melting (T
2
m), 
around 165°C, are related to the (PBT) hard segment. The appearance of two peaks in Tg 
provides evidence to suggest that the existence of two different amorphous domains (i.e. 
amorphous PBT and PTMG) might differ in chemical composition.
35
 When the host TPE-E is 
compared to nanocomposites, the organo-fluoromica nanocomposites exhibited a slight 
increase in the Tg of PTMG and PBT segments (Table 5.4). The addition of fluoromica 
modified with ODTMA did affect the Tm of the soft segment. At filler loading of 2 wt%, the 
T
1
m of the PTMG segment increased from 95.7°C for blank TPE-E to 100.5°C for 2ME-
ODTMA nanocomposite.  An increase in the nanofiller loading leads to a decrease in the Tm 
of PTMG. At 4 wt% of ME-ODTMA, the Tm of the PTMG soft segment of the 
nanocomposite was 4.8°C lower than that of the melt compounded host matrix (blank). 
Unlike the PTMG Tm, which was strongly affected by incorporating 4ME-ODTMA, the PBT 
Tm of 4ME-ODTMA nanocomposites was only slightly higher than that of blank matrix. The 
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improvement in PBT Tm with 2ME-ODTMA added was reasonably large (approximately 
9.5
°
C). The Tm enhancement of the PTMG and PBT segment in 2ME-ODTMA 
nanocomposites can be attributed to the hydrophobicity of nanofiller. The addition of the 
nanofiller with higher hydrophobicity could promote better silicate dispersion in the TPE-E 
matrix and, thus, a reduction in the matrix chain motion leads to enhanced Tg. The alkyl 
groups of nanofiller, on the other hand, could plasticise the TPE-E hard segment and lower 
the Tg.
36
 In addition to the effect of adding ME-ODTMA nanoparticles to TPE-E, Zhou et 
al.
35
 pointed out that the incorporation of nano-TiO2 in TPE-E may also result in a decrease in 
weight fractions of soft and hard segments. They suggested that the reason for decreased 
PTMG and PBT composition results from increasing nanofiller content, and as a result, the 
Tm of soft and hard segments are low.
37
 Furthermore, the interaction between the TPE-E 
matrix and nanofiller can exist in hard/soft segments, which equates to the PTMG-segment 
rich phase.
37
 This is in agreement with the DMTA result, where the addition of 2ME-
ODTMA resulted in a higher soft phase Tg. 
The Tgs of organo-fluoromicas‟ soft and hard segments in ME-75ODTMA nanocomposites 
remained approximately unaltered by the presence of high nanofiller content. It is expected 
that two opposite effects may be coexisting.
36 
However, the effect of 4ME-75ODTMA on Tm 
was more prominent for soft segments than for hard segments.  
The hard segment crystallinity of ME-ODTMA nanocomposites can be clearly observed 
through the shift to higher temperatures in the crystalline PBT segment peaks (Figure 5.8c, 
d). Increases in crystalline temperature (Tc) of the PBT segment in the nanocomposites were 
attributed to the ME-ODTMA nanoparticles nucleation, which would also be expected due to 
the small and uniform organo-silicate crystallite size distribution.
22,39 
The crystalline enthalpy 
(ΔH2) (Table 5.4) decreased in PBT segments. This indicates that there is a decrease in 
chemical regularity of TPE-E macromolecular chains.
35
  
Figures 5.9a, b and 5.10a, b display the graphs of Tg and Tm obtained for organo-hectorite 
nanocomposites, whereas the values are listed in Table 5.4. It can be observed that the glass 
transition temperatures decreased when WXFN or WXFP organo-hectorites were 
incorporated into TPE-E with a PTMG and PBT segment. Both Tgs were relatively affected 
by the presence of the nanofiller. However, organo-hectorites nucleate crystallisation for Tcs 
of PBT. Therefore, the crystallisation peaks of the DSC curves shifted towards higher 
temperatures. Figures 5.9c, d and 5.10c, d provide evidence to suggest that WXFN or WXFP 
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low aspect ratio nanoparticles have a nucleation influence via heterogeneous nucleation of 
TPE-E on the particles surface.
28,40
 The one exception was the TPE-E nanocomposite 
containing 2 wt% of WXFP-CP, which decreased its Tc. In contrast to the addition of 4 wt% 
loading, the Tm of crystalline PBT segment in the nanocomposite increased. This may be due 
to a reduction in the mobility of the host matrix within the melt state, as the increasing filler 
loading did not hinder the hard segment crystallisation.
41
 Generally speaking, the decrease of 
ΔH2 with increasing filler content can be directly related to the reduction of the PBT segment 
in the TPE-E nanocomposites.  
Additional broad exothermic peaks exist in the host TPE-E and nanocomposites at low 
temperatures, most likely due to the smaller crystallite melting, which might form during the 
annealing process. As a result, this may have increased the index of initial crystallinity.
42
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Table  5.4 DSC analysis of experimental TPE-E (host and nanocomposites). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               
b
For PBT block 
 
 
Organo-silicate Type T
1
g
 
(°C) 
T
2
g
 
(°C) 
T
1
m
 
(°C) 
T
2
m 
(°C) 
T
b
c 
(°C) 
∆H2 
(J/g) 
Blank -70.7 4.5 95.7 165.7 107.0 8.5 
2ME-ODTMA -69.7 5.3 100.5 175.2 115.8 7.6 
2ME-75ODTMA -68.7 2.5 95.0 165.2 113.9 10.2 
2ME-CP -70.5 4.4 99.6 167.3 113.8 7.8 
2ME-75CP -73.5 4.9 92.5 173.0 117.0 9.3 
4ME-ODTMA -70.4 3.9 90.9 167.0 117.5 7.9 
4ME-75ODTMA -69.0 3.1 101.2 163.2 112.9 8.8 
4ME-CP -74.3 3.7 93.4 166.7 122.0 9.3 
4ME-75CP -72.1 5.6 91.9 174.0 115.3 9.6 
       
2WXFN-ODTMA -74.1 3.6 98.6 168.8 112.3 8.9 
2WXFN-CP -75.6 4.1 98.6 166.1 111.6 8.1 
2WXFN-75CP -74.1 3.6 94.2 166.8 117.6 8.6 
4WXFN-ODTMA -73.2 3.4 96.7 165.7 114.1 9.8 
4WXFN-CP -74.9 3.9 97.0 164.8 119.0 9.3 
4WXFN-75CP -72.6 4.6 94.7 172.0 117.6 7.9 
       
2WXFP-ODTMA -73.6 4.6 117.3 166.3 109.1 8.5 
2WXFP-CP -78.3 4.1 99.6 166.5 103.6 8.1 
2WXFP-75CP -72.8 3.4 93.6 164.7 114.6 9.6 
4WXFP-ODTMA -74.6 3.9 106.7 166.3 118.8 9.2 
4WXFP-CP -72.5 2.9 95.9 163.4 113.1 8.5 
4WXFP-75CP -75.4 3.3 90.9 167.9 115.3 8.6 
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Figure 5.8 Typical DSC melting curves of host TPE-E and TPE-E containing 2 wt% ME 
organo-fluoromica (a), host TPE-E and TPE-E containing 4 wt% ME organo-fluoromica (b); 
and crystalline curves for host TPE-E and TPE-E containing 2 wt% ME organo-fluoromica 
(c), and containing 4 wt% ME organo-fluoromica (d). 
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Figure 5.9 Typical DSC melting curves of host TPE-E and TPE-E containing 2 wt% WXFN 
organo-hectorite (a), host TPE-E and TPE-E containing 4 wt% WXFN organo-hectorite (b); 
and crystalline curves for host TPE-E and TPE-E containing 2 wt% WXFN organo-hectorite 
(c), and containing 4 wt% WXFN organo-hectorite (d). 
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Figure 5.10 Typical DSC melting curves of host TPE-E and TPE-E containing 2 wt% 
WXFP organo-hectorite (a), host TPE-E and TPE-E containing 4 wt% WXFP organo-
hectorite (b); and crystalline curves for host TPE-E and TPE-E containing 2 wt% WXFP 
organo-hectorite (c), and containing 4 wt% WXFP organo-hectorite (d). 
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5.2.4 Dynamic Mechanical Properties 
DMTA analysis can provide a great first impression of the TPE-E microphase behaviour. In 
TPE, the change in storage modulus (E‟) and loss modulus (E”) versus temperature shows the 
molecular mobility changes.  
The plots of the loss factor (tan δ; ratio of E” to E‟) versus temperature for neat TPE-E and 
TPE-E containing 2 w% and 4 wt% organo-fluoromica are shown in Figure 5.11. The tan δ 
peaks are associated with the soft PTMG and hard PBT segment Tgs, and the peak positions 
are shown in Table 5.5. Tan δ curves of all samples revealed two Tg peaks at approximately -
50°C T
1
g and 50°C T
2
g, which are attributed to the soft and hard phases, respectively (Figure 
5.11a, b). It is important to mention that the measured Tg by means of DMTA shifted to 
higher temperatures compared to that measured via DSC, due to its frequency dependence.  
The Tg‟s of the PTMG-rich phase have been identified by decreases in the E‟, β1-relaxation of 
the E” and tan δ peaks. The first intensive Tg in tan δ may occur after the PTMG segment T
1
g, 
while the amorphous PBT segment T
2
g may take place in the second fast drop. The addition 
of 2 wt% of ME-ODTMA organo-fluoromica shifted the soft phase Tg peak in TPE-E to 
higher temperatures (compared to the neat TPE-E). An increase in the Tg of the PTMG 
segment is ascribed to the elastic character of ME-ODTMA particles.
28
 The addition of 
nanofiller may also restrict the mobility of macromolecular TPE-E chains because of the 
chemical and physical interactions.
39
 The presence of an amorphous PBT Tg peak in tan δ 
indicated that there was a non-crystalline PBT phase. Nonetheless, the slight increase in the 
Tg of PTMG did not show a phase-mixed amorphous PBT segment. According to Paul et 
al.
43
, the semicrystalline constituents of the Tg in polymeric materials are only subject to the 
amorphous fraction of segmental motion, since the crystalline domain remains intact until 
reaching the Tm. When the performance of 2ME-CP nanocomposite was compared to neat 
TPE-E, the slightly higher tan δ value indicated an elastic contribution of the filler. The 
different response was attributed to the presence of the alkylpyridinium modification, despite 
the full elastic response of the inorganic filler at the level of stress. This difference in 
response was due to the existence a non-crystalline hard segment in the amorphous phase or a 
reduction in the mobility of the soft phase.
23,44
 Increases in T
1
g and T
2
g resulted from the 
more hydrophobic ODTMA and CP modifiers, whereas the relatively hydrophilic dual 
modification was lower than the Tg of neat TPE-E. This indicates that the interaction between 
the TPE-E and the hydrophobic nanofiller is energetically favourable and may provide the 
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thermodynamic driving force for TPE-E intercalation. The decrease in Tg with 2ME-
75ODTM or 2 ME-75CP may involve a decreased driving force for interaction between the 
TPE-E matrix and organo-fluoromica. However, the incorporation of high nanofiller content 
resulted in a shift of soft microphase Tg towards a lower temperature, which reflects the 
influence of organo-fluoromica particles on the relaxation of the PBT phase. It is also 
expected from the incorporation of the high nanofiller content that large tactoids formed in 
the TPE-E system resulted in a restriction of molecular motion.
45
 
The melting of PBT segments may have caused the change in the modulus of 
nanocomposites. The values of E” modulus in the organo-fluromica nanocomposites showed 
lower values than that of neat TPE-E (Table 5.5).   Host TPE-E had a glass transition 
temperature (Tβ1) of approximately -63°C, determined from the peak maximum of β1-
relaxation (Figure 5.11c, d). The presence of nanofiller in the nanocomposites reduced the 
Tβ1, as compared to neat TPE-E. This is likely due to the lower crystallinity of the hard PBT 
phase.
23
 E‟ in nanocomposites containing 2 wt% of loading showed that the rigidity of hard 
domains was increased because of the stiffening influence of  organo-flouromica, particularly 
at temperatures different to that of PBT Tg (Figure 5.11e, f). Above the Tβ1 of PBT, the 
increased E‟ suggested that the nanofiller may act as a nucleation agent in the host matrix. 
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Table  5.5 Glass transition temperatures (Tg) determined from DMTA curves. 
Organo-silicate Type 
Loss factor (tan δ) peak, Tg 
(°C) of Host 
Loss Modulus (E”) peak, Tg 
(°C) of Host 
T
1
g (°C) T
2
g (°C) Tβ1 (°C) 
Blank -48.5 52.3 -63.1 
    
2ME-ODTMA -47.4 52.7 -66.8 
4ME-ODTMA -51.1 50.1 -68.3 
2ME-75ODTMA -50.0 50.0 -64.2 
4ME-75ODTMA -49.6 52.7 -64.5 
2ME-CP -48.1 53.2 -63.4 
4ME-CP -62.0 52.3 -72.4 
2ME-75CP -48.7 52.0 -65.3 
4ME-75CP -59.0 49.3 -72.2 
    
2WXFN-ODTMA -51.4 52.3 -67.6 
4WXFN-ODTMA -49.6 52.7 -65.7 
2WXFN-CP -48.1 54.2 -66.5 
4WXFN-CP -47.4 - -65.3 
2WXFN-75CP -50.0 51.6 -66.8 
4WXFN-75CP -41.8 - -60.5 
    
2WXFP-ODTMA -50.0 51.2 -64.5 
4WXFP-ODTMA -49.6 - -64.2 
2WXFP-CP -54.1 - -63.4 
4WXFP-CP -47.7 - -68.7 
2WXFP-75CP -55.6 - -64.6 
4WXFP-75CP -45.5 - -63.4 
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Figure 5.11 DMTA data as a function of temperature: loss factor (tan δ) of a) host TPE-E and 
containing 2 wt% organo-fluoromica, and b) host TPE-E and containing 4 wt% organo-
fluoromica; loss modulus (E”) of c) host TPE-E and containing 2 wt% organo-fluoromica, 
and d) host TPE-E and containing 4 wt% organo-fluoromica and storage modulus (E‟); e) 
host TPE-E and containing 2 wt% organo-fluoromica, and f) host TPE-E and containing 4 
wt% organo-fluoromica. 
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The aspect ratio of the organo-hectorites employed results in subtle differences in the DMTA 
response, presumably due to variations in the degree of nanofiller dispersion and 
intercalation, as well as relative phase and nanofiller length scales and dynamic mobility of 
the nanofillers.  
Tan δ curves of nanocomposites containing 2 wt% and 4 wt% organo-hectorite (WXFN and 
WXFP) are displayed in Figure 5.12a, b and Figure 5.13a and b respectively. The addition of 
WXFN-75CP and WXFP-75CP organo-hectorite particles at higher loadings (4 wt%) clearly 
shifted Tg peaks to a higher temperature, compared to neat TPE-E. This suggests that the 
modified low aspect ratio with dual surfactants containing the hydroxyl group was able to 
restrict the mobility of TPE-E chains, due to the molecular interactions of nanofiller with 
both PTMG and PBT segments.
13,35
 Through the incorporation of organo-hectorites, the 
plasticising influence of the CP and CC surfactants may be offset by the increase in Tg.
19,46
 
However, the Tg of the amorphous PBT fraction was not clearly observed in the temperature 
curve of tan δ. This might be due to a lack of non-crystalline PBT segments in the PBT-
PTMG phase.
43
 In general, the formation of a homogenous amorphous component in the 
complete TPE-E, through the mixing the amorphous PBT with PMTG phases, is acceptable.
47
 
The unusual decrease in the soft PTMG Tg peak temperature for WXFN-75CP and WXFP-
75CP nanocomposites at a 2 wt% loadings is potentially due to a weak nanofiller interaction 
with the PBT segment, reducing PTMG-PBT microphase mixing, so that the Tg of the soft 
segment is decreased.  
The E” of the TPE-E and its nanocomposites are shown in Figure 5.12c, d and Figure 5.13c, 
d, and a summary of Tg
 is given in Table 5.4. The β1 of nanocomposites is unaffected by the 
presence of nanofiller, except for 4 wt% of WXFN-75CP. A slight broadening of the tan δ 
peak corresponded to the increase in the amount of material in the transition. This change 
might be sequences of an increased non-crystallised PBT phase in the soft amorphous 
PTMG-rich phase, or an increase in the mobility of the soft phase.
23
 The higher E” value of 
4WXFN-75CP indicated that the crystallinity of PBT is much higher than that of the host 
TPE-E. 
Regardless, the types of modification and the aspect ratio of filler, the E‟ was observed to 
increase with the addition of 2 wt% or 4 wt% WXFP-75CP or WXFN-75CP organo-
hectorites. This result indicates that the incorporation of organo-hectorites improved the 
stiffness and provided a small reinforcement to the TPE-E matrix. However, in agreement 
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with our tensile modulus results, the E‟ was observed to decrease with the addition of 2 wt% 
or 4 wt% organo-fluoromica modified with 75CP. This indicates that the high aspect ratio of 
silicate might have decreased the stiffness of the TPE-E matrix and the amount of restrained 
TPE-E existing in the ME-75CP organo-fluoromica nanocomposite is smaller, thus, the filler 
particles become more mobile. The decrease in E” following ME-75CP addition was due to 
the resistance or drag force provided by the filler on the TPE-E matrix.
48,49
 Improvements in 
stiffness were slightly larger for the organo-hectorite nanocomposites, presumably because of 
the better silicate dispersion and the larger effective aspect ratio of the organo-silicate 
stacks.
50
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Figure 5.12 DMTA data as a function of temperature. Loss factor (tan δ) of a) host TPE-E 
and containing 2 wt% organo-hectorite (WXFN) and b) host TPE-E and containing 4 wt% 
organo-hectorite (WXFN); c) loss modulus (E”) for host TPE-E and containing 2 wt% 
organo-hectorite (WXFN), d) host TPE-E and containing 4 wt% organo-hectorite (WXFN); 
and storage modulus (E‟) for e) host TPE-E and containing 2 wt% organo-hectorite (WXFN), 
and f) host TPE-E and containing 4 wt% organo-hectorite (WXFN). 
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Figure 5.13 DMTA data as a function of temperature. Loss factor (tan δ) of a) host TPE-E 
and containing 2 wt% organo-hectorite (WXFP) and b) host TPE-E and containing 4 wt% 
organo-hectorite (WXFP); loss modulus (E”) for c) host TPE-E and containing 2 wt% 
organo-hectorite (WXFP), and d) host TPE-E and containing 4 wt% organo-hectorite 
(WXFP); and storage modulus (E‟) for e) host TPE-E and containing 2 wt% organo-hectorite 
(WXFP) and f) host TPE-E and containing 4 wt% organo-hectorite (WXFP). 
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5.3 Conclusions 
These conclusions address the fact that the nanofiller aspect ratio, loading and the type of 
surface modification can affect the structure, mechanical and thermal properties of the melt 
compounded TPE-E. 
XRD patterns of the nanocomposites showed that the basal spacing for the WXFN organo-
hectorite nanocomposites were determined from the d001
 
peak at 2θ = 2.3° of 3.8 nm, which 
illustrates the good degree of TPE-E intercalation achieved in this system. The interlayer 
spacing was approximately the same in all of the nanocomposites, providing further evidence 
that the two size fractions of WXFN and WXFP were thermodynamically equivalent. The 
decrease in intensity and peak broadening observed with decreasing diameter and stack size 
of WXFP-CP was due to a reduction in the length and ordering of the repetitive layer 
structure. The high aspect ratio organo-fluoromica modified with long ODTMA chains 
dispersed and delaminated effectively in the segmented TPE-E employed in this study. This 
result elucidates that there is a good driving force for intercalation between the polymer and 
organo-silicate. The addition of 2 wt% ME-ODTMA led to a slight increase in soft segment 
Tg (tan δ) of TPE-E and a suggestion for altered microphase morphology was provided. XRD 
results suggested that this was due to the smaller tactoids produced between the silicate 
platelets.  
At a 2 wt% loading of ME-ODTMA, an increase of 20.6% in tensile strength, 11% in tear 
strength and 39% in Young‟s modulus was achieved. The improvement in creep modulus can 
be attributed to the good affinity towards the soft segment and high degree of nanofiller 
particle-particle interaction. The compatibility between TPE-E and organo-fluoromica 
determines the silicate layer dispersions in the host polymer and, thus, their mechanical 
properties. Incorporating nanofillers with higher hydrophobicity may promote better 
dispersion of nanofiller in TPE-E, due to greater interaction between the nanofiller and the 
hydrophobic soft segment in this TPE-E system. The better mechanical properties and 
dispersion of 2 wt% organo-fluoromica in TPE-E suggests that nanofiller loading of 4 wt% 
leads to an increase in the degree of aggregation. The addition of nanofiller resulted in a 
decrease in elongation. At this stage, it is unclear why organo-hectorites had an adverse effect 
on this mechanical property. The contrary impact of melt processing on mechanical 
properties is attributed not only to thermal degradation, but also to hard segment 
crystallisation, henc reducing chain mobility. 
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Chapter 6 Structure and Barrier Properties of Melt Compounded TPE-E 
Nanocomposites Incorporating Hydrophobic Layered Silicate  
 
6.1 Introduction 
Polymer-clay nanocomposites are formed when two different materials with organic and 
mineral pedigrees are combined. The high aspect ratio and surface area available for host 
polymer-nanofiller interaction can give rise to some unusual and useful property profiles. In 
TPEs the nanocomposite approach can give rise to enhancements in tensile strength, tear 
strength and toughness, but can also lead to improved creep, stress relaxation and heat 
distortion properties enabling more persistent structural integrity at high temperatures. 
Increased tortuosity to gases and small molecules can influence nanocomposite barrier 
properties, in some cases leading to a lower sensitivity to water, in addition to a reduced 
permeability to gases. Furthermore, the nanocomposites generally maintain similar expansion 
coefficients (compared to the virgin host polymer) avoiding excessive shrinking or expansion 
issues.
1
 The systematic optimisation of composite formulations with excellent dispersion 
enables the achievement of advanced properties, and without significantly increasing haze in 
transparent host polymers.  
The tailoring of desired nanocomposite property profiles is achieved through the control of 
different structural and processing variables. These are 1) an engineered high and low aspect 
ratio nanofiller, 2) uniform nanofiller dispersion and distribution (processing), 3) nanofiller 
alignment in the polymeric matrix (processing), and 4) nanofiller-host polymer compatibility 
and interfacial stress transfer polymer-to-nanofiller (surface chemistry and 
thermodynamics).
2-6
 Careful optimisation of these variables can result in influential 
interactions between the polymer matrix and the (potentially) large organoclay surface area 
(up to 760 m
2
/g)
7
 that, upon loading, can lead to an increase in stress transfer from the matrix 
to the nanofiller reinforcement phase and can result in toughening and enhancing tensile 
strength. Moreover, for organoclay particulates, the layered silicate thicknesses are 
approximately 1 nm, while the aspect ratios can range from 10-1000.
8
 
Different explanations exist for the increment of the gas barrier performance in polymer 
nanocomposites. Yano et al.
9
 argues that it is possible to promote the resistance of the barrier 
through the incorporation of high aspect clay to the host matrix, which limits the ability of the 
penetrant to traverse the film due to the increased tortuosity of the pathway. Nanofillers can 
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also influence matrix polymer morphology such as degree of crystallinity, crystal polymorph, 
free volume and degree of anisotropy, all which may affect the diffusivity.
10-12
 
Although the highest theoretical surface area/ volume ratio of discrete, high aspect ratio 
nanofillers is (theoretically) ideal for the most effective composite reinforcement, in practice 
this is not easily achieved. This is due to the inherent face-to-face stacking that exists in the 
agglomerated organoclay tactoids, in addition to the combination of the compatibility 
differences between the hydrophobic thermoplastics and the hydrophilic-layered silicates.
7
 
Several reports of barrier resistance improvement have been reported for nanocomposite 
systems prepared using the solution intercalation method. In their study, Mondal et al.
13
 
incorporated cetyltrimethylammonium bromide (CTAB)-modified montmorillonite into an 
Ecovio
TM
 host polymer, an aliphatic-aromatic copolyester commonly used for packaging 
films, and they demonstrated water vapour permeability reductions of 11.25%, 25.21% and 
16.45% by the incorporation of 2 wt%, 4 wt% and 8 wt% loadings, respectively. Mondal et 
al.
14,15
 also reported increased resistance to water vapour by 4.60%, 6.87% and 2.08%, 
respectively and at the same loadings, with the addition of the Na- montmorillonite nanoclay 
to the polymer systems. However, a rise in filler content led to the diffusion length path 
increment, which is associated with the tortuous path that emerges from the layered silicates. 
Tortora et al.
16
 and Chang et al.
17
 also reported an increase in the resistance to water vapour 
and oxygen transmission when the organically-modified montmorillonite was added to their 
respective systems of polyurethane. The water vapour permeability decreased when the filler 
content was 20 wt% and settling at 40 wt%. The decrease in vapour permeability was 
ascribed to a large domination by the diffusion parameter. Nonetheless, the addition of only a 
low amount of filler (3-4 wt%) was able to reduced gas permeability. Osman et al.
18
 prepared 
polyurethane adhesive nanocomposites that composed of montmorillonite with varying 
surface treatments. Oxygen permeability and water vapour reduced in all of the 
nanocomposites, except for one; there was an increase in oxygen permeability when the 
montmorillonite was treated with dimethyl dihydrogenated tallow ammonium. An increase in 
oxygen permeation was linked to the morphological changes that emerged from the altered 
phase separation at the interface that occurs between the more polar polyurethane and this 
particular apolar surfactant. The reduction in water vapour permeation of composite was due 
to the formation of water clusters in the polyurethane matrix that was unable to travel through 
the interface of the layers. Under appropriate conditions, the high aspect ratio nanofillers are 
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capable of significant improvement in resistance to vapour transfer through the host matrix, 
while simultaneously retaining transparency and providing enhanced mechanical 
properties.
9,11
 Improved barrier resistance is also favoured in polymers from the viewpoint of 
decreasing hydrolytic degradation and oxidative processes that appear in nanocomposite 
systems,
19,20
 and decreasing the permeation of oxygen and water.
21
 
Barrier performance and barrier properties of polymers are described by the resistance they 
offer in regards to the penetration of transport materials.
22
 An inversely-proportional 
relationship exists between the properties of polymers to varying penetrating molecules and 
the permeability of the same molecules. Thus, the permeability (P) of any polymer to the 
penetrating molecule type is known as its permittivity. Quantity (Q) can be expressed as 
penetrating molecules that pass through the specimen over a given surface area (A), as well as 
thickness (L) in fixed time (t). A partial pressure difference (Δp) is found between the 
surfaces of specimens, as shown in the following equation. 
P = QL / (At Δp) = (Q /At) / (Δp/L) = steady state flux / (Δp/L)                                    (1) 
Lower P values show better performance and become proportional to flux in a steady state as 
expressed in equation (1). Specimens of different polymers having the same (Δp/L) on 
comparison yield samples with larger steady state flux and have larger P values. The 
selection of a polymer between two types is simple, given the permeability ratio of relevant 
molecules. For example, the selectivity between water vapour and oxygen is given as PH2O / 
PO2, and this selectivity is dimensionless. Therefore, selectivity and barrier performance can 
be combined and defined in the context of permeability, and can be recognised as two 
important aspects of a polymer‟s same property. The same transport phenomenon is used to 
determine the selectivity and barrier performance. 
23,24
 
The solution-diffusion mechanism clearly shows the study and postulation of the permeation 
of a vapour or a gas through the polymer matrix.
25
 A polymer initially absorbs the penetrating 
molecule (i.e. polymer‟s dissolution) and then crosses the specimen through the diffusive 
succession as “jumps”. Thus, P becomes equal to the product of the solubility coefficient (S) 
and diffusivity (D), known as the diffusion coefficient, as shown in Equation (2). 
P = DS                                                                                                                          (2) 
The principle of microscopic reversibility states that it is equally likely for a penetrant 
molecule to travel to either surface of a specimen via diffusive jump. A net permeation and 
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diffusion of molecules occurs from one surface to another surface only when the amounts 
vary. This variation in amount can be expressed in partial pressure, concentration, chemical 
potential or fugacity in the varying contexts of penetrating molecules on the two surfaces and 
explain the penetrating molecules‟ net transport towards the surface at the gradient‟s low end. 
It is notable that systems that accomplish the permeation may utilise alternate mechanisms. 
For example, the contents of a cracked mug may leak or be absorbed by the walls of the mug. 
However, permeability cannot necessarily be explained solely by the solution-diffusion 
mechanism, as in the case of particularly densely cross-linked membranes.
26,27
 The 
coefficients given in Equation (2) can be complicated due to variables such as penetrant type 
and temperature. However, the nature of the polymer influences these variables.
28
 It is 
concluded that the factors affecting permeation are similar to the features of the polymer, 
such as physical state, environment and penetrating vapours or gases.  
From Equation (2), the permeability of a polymers‟ vapours or gas molecules shows its direct 
function of solubility and diffusivity. Both of these constituents may be influenced by the 
chemical nature of a penetrant or polymer. Diffusivity is affected by the size and mobility of 
chains, as well as the inter-chain attraction of the penetrant. The solubility coefficient 
primarily depends upon the condensability of vapours or gases, which are calculated by the 
critical temperature, as well as the polymer-penetrant interactions. It has been demonstrated 
in recent work that changes in the diffusivity of glassy polymers have resulted in changes in 
the magnitude of permeability of polymers. However, no significant impact on permeability 
has been noticed from the manipulation of coefficients of solubility.
29
 Therefore, attention 
should be focused on the engineering of new polymeric structures through the manipulation 
of factors that impact diffusivity.  
In practice, hydroxyl (-OH), amide (-CONH-), halogen (-Cl or -Br), and ester (-COO-) 
groups are the main constituents of high barrier polymers that result in the creation of strong 
chain to chain forces, which hinder diffusion and restrict the movement of chains.
30
 Low 
oxygen permeability occurs from all of the above structures, which are repeatedly found as 
units in the polymers‟ structures. However, halogen groups (such as Br- and Cl-) yield a low 
permeability of water vapours. Hydrogen bonding attracts water structures and the diffusion 
coefficient increases the induced plasticisation that occurs from water structures with high 
soluble coefficients. 
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Polymer morphology has played a significant role in barrier performance. Polymer chains 
with a regular arrangement are achieved through orientation and crystallisation, or a 
combination of these variables, to improve barrier properties. A decrease in permeation is 
achieved through crystallinity by reducing the diffusivity and solubility.
31
 Crystalline regions 
do not show solubility for gas molecules and amorphous fraction results from their solubility 
in the semi-crystalline polymer as a linear function.
28
 Crystallinity impacts on diffusivity 
through impermeable blocking domains, as well as inhibiting the amorphous chains‟ 
mobility, which are restricted between the regions of crystalline. 
In regard to the types of layered silicate nanofillers, synthetic fluoromica and hectorite 
layered silicates are among the most important classes of nanofillers. For this study, three 
different synthetic silicates were selected as nanofillers, due to their different sizes and aspect 
ratios, to investigate the influence of nanofiller morphology on barrier properties. The TPE-E 
host and nanocomposites incorporating 2 wt% and 4 wt% single or dual modified organo-
fluoromicas and organo-hectorites were prepared by a melt compounding process (as 
described in Chapter 3). Water vapour transmission rate testing was carried out by using the 
modulated infrared sensor method (ASTM E398-F1249-06)
32
, Mocon Permatran. This 
method uses the barrier film to separate the dry and wet chambers, both of known humidity 
and temperature. The wet chamber incorporates a soaked sponge to create 100% relative 
humidity, whilst the dry chamber is dried by desiccant. Air from the dry side of the film is 
circulated past a pressure modulated infrared sensor, which measures the water vapour 
content. The increase in humidity in the dry chamber above that of the dry air source can be 
attributed to water vapour transmission through the film. 
6.2 Results and Discussion 
6.2.1 Transmission Electron Microscopy 
The effects of surface treatment on layered silicate dispersion were investigated by TEM. The 
higher electron density of the layered silicates enables contrast in the TEM images, 
particularly for “edge-on” structures, so that nanofiller agglomerates and single platelets can 
be imaged in the organo-fluoromica and organo-hectorite reinforced nanocomposites. 
However, all modified fluoromicas (Figure 6.1) revealed a structure formed of small stacks or 
tactoids of organo-fluoromicas, rather than single intercalated platelets. Although the melt 
compounding did not affect the interlayer distance that was measured by XRD for ME-
ODTMA in the TPE-E matrix (see Chapter 5, and specifically Figures 5.1a and 5.1b), the 
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TEM images show that the stacks are smaller and well distributed in the nanocomposites. 
With 2 wt% ME-ODTMA incorporated into TPE-E, a semi-exfoliated hybrid is developed, 
containing smaller silicate tactoids comprising intercalated and exfoliated clay layers 
embedded in the TPE-E matrix. If compared directly to the TEM images of the 2 wt% ME-
75ODTMA sample, the more hydrophobic 2wt% ME-ODTMA nanofillers are not as well 
distributed, showing a larger number of darker, thicker agglomerates. At 4% loading again 
this more uniform distribution can be observed for the more hydrophobic nanofiller. Vaia et 
al.
33
 reported that an indication of small stack size of polymer-clay nanocomposites after 
processing can be estimated from the intensity and width of XRD diffraction peaks (d001), as 
determined from the slightly broader full width at half maximum (FWHM) values. As a result 
of melt compounding, the higher shear stresses promote the break up of organo-silicate 
stacks.
34
 TEM images of the ME-CP and ME-75CP nanocomposites are exhibited in Figures 
6.1c and 6.1d, respectively. These images show that the fluoromica platelets are well-
dispersed and have a small amount of clusters of intercalated silicates, as well as a portion of 
exfoliated silicates. The degree of exfoliation affected in this system can be associated with 
the hydrogen bonding between the polymer and nanofiller, which provides the strong driving 
forces for intercalation. The presence of hydroxyl groups that are imparted by CC on ME-
75ODTMA or ME-75CP is preferable to form hydrogen bonds with the TPE-E hard 
segments and, to a lesser extent, in the ether oxygen of soft segments. In addition, the 
platelets in this system would appear to be very densely packed. At low nanofiller 
concentrations (2 wt%), the thickness of tactoids and the packing density of platelets 
decreases, indicating that filler mobility increases, and thus provides a good driving force for 
the intercalated TPE-E to break the tactoids. 
The compatibility between the polymer and organo-silicates is a vital factor that determines 
the quality of the nanofiller dispersion. Hasegawa et al.
35
 reported that the strong interaction 
between the organic surfactant chains and the hydrophobic chains of copolymer can enhance 
the compatibility for both components. Incorporating organoclays with higher hydrophobicity 
may therefore promote better dispersion of nanofiller in host TPE-E due to greater interaction 
between the organoclay and the hydrophobic TPE-E soft segment. 
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2 µm 
a) 2ME-ODTMA a) 4ME-ODTMA 
2 µm 
b) 2ME-75ODTMA 
2 µm 
b) 4ME-75ODTMA 
2 µm 
2 µm 
c) 2ME-CP 
2 µm 
c) 4ME-CP 
d) 2ME-75CP 
2 µm 2 µm 
d) 4ME-75CP 
Figure  6.1 TEM images at 12,000x magnification of organo-fluoromica in TPE-E (a) ME-
ODTMA (2 wt% and 4 wt%), (b) ME-75ODTMA (2 wt% and 4 wt%), (c) ME-CP (2 wt% 
and 4 wt%), and (d) ME-75CP (2 wt% and 4 wt%). 
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Investigation on the influences of the organoclay/polymer surface compatibility shows that 
the delamination and distribution of organoclays in a host matrix did correspond to 
mechanical properties of polymer nanocomposites.
36,37
 Nevertheless, TEM images were 
obtained from low aspect ratio organo-hectorites (WXFN and WXFP) with 2 wt% and 4 wt% 
concentration of different types of surface treatment in host TPE-E (Figures 6.2 and 6.3, 
respectively). The distribution and dispersion states of organo-hectorites in TPE-E show an 
intercalated morphology, in which the clay platelets are stacked in tactoids with varying 
degrees of thickness. It appears that tactoid thickness is again strongly influenced by the type 
of surface modification. The WXFN based nanocomposites appear to be generally well 
dispersed or partially-exfoliated into nano-sized primary particles or aggregates. The silicate 
layers dispersed homogeneously in the cross-section of all nanocomposites. These results are 
in agreement with the XRD results that showed that these WXFN organo-hectorite 
nanocomposites produced an intercalated structure. This could be due to their low aspect ratio 
platelets that have more mobility and freedom in orientation, but also a shorter polymer 
diffusion path for melt intercalation, which would further serve to provide single or dual 
organic surfactants with a thermodynamically-favourable driving force for TPE-E 
intercalation.
38
 In addition, it is expected that the enhancement of chain mobility 
accompanied by a lower degree of hydrophobicity may provide the soft phase a better driving 
force to migrate quite freely to the nanofiller surface.
39
  
It is also worth noting here the relatively poor distributive blending in a twin screw extruder 
of WXFP based nanocomposites compared to that of the lower aspect ratio WXFN based 
nanocomposites. The stacks of clay layers of TPE-E containing WXFN were not completely 
separated and thus formed some large agglomerates, as shown in Figure 6.2. The number of 
dispersed particles increased dramatically, resulting in a linked structure of dispersed clay. 
Consequently the TPE-E matrix volume without clay decreased considerably. The clay 
network structure mainly resulted from the network of agglomerations of clay particles rather 
than that of individual delaminated clay layers. The increased dispersion with decreasing 
aspect ratio WXFP displayed that that broken the clay agglomerates down further to smaller 
particles with fewer agglomerates as shown in Figure 6.3. The lesser degree of silicate 
dispersion and delamination was clearly observed with decreased diameter. However, it 
should be recognised that the extruder processing conditions, the residence time and level of 
shear are important variables affecting the dispersion and delamination of the layered 
silicates.
40
 It has been demonstrated that the dispersion of organoclays in polyethylene 
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terephthalate via co-rotating mini twin screw extrusion at a shorter residence time (2 minutes) 
and a lower screw speed (200 rpm) provided a greater dispersion of clay than a longer 
residence times (5 minutes) and a higher screw speed (296 rpm).
41
 To achieve a higher degree 
of exfoliation or delamination by melt compounding appears to require a specific residence 
time with the appropriate shear history. The extra shear stress applied by twin screw 
extrusion may facilitate in “peeling” the silicate platelets apart from their stacks.42 In this 
study, the residence times of melt extrusion were ranging from 3 to 6 minutes. The barrel 
temperature was generally set from approximately 190° to 255°C. 
Since 2WXFN-75CP is delaminated well and dispersed in the TPE-E, as shown in Figure 
6.2c, organoclay/polymer interactions are enhanced,
43
 which most likely pose a greater 
restriction to chain mobility and crystallisation. This is consistent with the DSC thermogram 
shown in Figure 5.9c. A fragment of hard segment in 2WXFN-75CP has a good driving force 
to crystallise, as revealed by a higher Tc. This is because of its thermodynamic compatibility 
with respective polar hydroxyl functionality.
44,45
 Although the WXFN organo-hectorites 
examined in this study display an acceptable degree of delamination, the deterioration of 
mechanical properties is notable. In addition, the tensile property deterioration is influenced 
by surface modification. This approves the significance of considering the surface 
compatibility of polymer/organoclay, which can be evaluated from the surface energy of 
organoclays.
46,47
 Furthermore, prolonged extrusion residence times have been reported to 
generate unwanted heat by excessive shear in the barrel.
48
 The accumulated heat therefore 
does seem to increases the temperature of material, which can be a contributing factor to poor 
nanocomposite properties. However, a delaminated morphology is usually noted in a polymer 
nanocomposite system containing the smaller aspect ratios of organo-silicates, such as 
WXFN.
49
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c) 4WXFN-75CP 
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a) 2WXFN-ODTMA 
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a) 4WXFN-ODTMA 
2 µm 
c) 2WXFN-75CP 
Figure  6.2 TEM images at 12,000x magnification of organo-hectorite in TPE-E (a) WXFN-
ODTMA (2 wt% and 4 wt%), (b) WXFN-CP (2 wt% and 4 wt%) and, (c) WXFN-75CP (2 
wt% and 4 wt%). 
  
  
 
 
 
 
 
 
 
 
 
 
 
  
2 µm 
b) 2WXFN-CP b) 4WXFN-CP 
2 µm 
 130 
 
2 µm 
a) 2WXFP-ODTMA a) 4WXFP-ODTMA 
2 µm 
b) 2WXFP-CP 
2 µm 
b) 4WXFP-CP 
2 µm 
c) 2WXFP-75CP 
2 µm 2 µm 
c) 4WXFP-75CP 
Figure  6.3 TEM images at 12,000x magnification of organo-hectorite in TPE-E (a) WXFP-
ODTMA (2 wt% and 4 wt%), (b) WXFP-CP (2 wt% and 4 wt%), and (c) WXFP-75CP (2 
wt% and 4 wt%).  
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6.2.2 Water Vapour Permeability Tests 
In this study, octadecyltrimethylammonium bromide (ODTMA) modified fluoromica was 
used. This material was selected because it had the best mechanical performance with this 
TPE-E system, while still maintaining consistency with organo-hectorites produced with only 
a single surfactant. The results from the nanocomposites containing 2 wt% and 4 wt% 
fluoromicas and hectorites modified with ODTMA were plotted on one graph for comparison 
(Figure 6.4). These results show that after an initial period of transient behaviour, each of the 
experiments tended towards a steady state value of permeation, except for 4WXFN-ODTMA. 
In this study 2ME-ODTMA, 4ME-ODTMA and 4WXFN-ODTMA showed steady state 
values lower than pure TPE-E rate during the first 24 hours of testing, whilst 2WXFN-
ODTMA, 2WXFP-ODTMA and 4WXFP-ODTMA showed steady state values higher than 
the initial TPE-E rate. 
The 4WXFN-ODTMA had the highest variability between samples overall towards the end 
of the experiment. After 48 hours, it was decided that a steady state had been achieved and 
the experimental recordings were concluded. This was in part due to the fact that the film 
performed very poorly at inhibiting moisture transmission, with approximately 3877g of 
vapour permeating the film in 48 hours. The water vapour transmission rate (WVTR) through 
the control TPE-E and the associated series of nanocomposites are provided in Table 6.1. 
The WVTR of organo-silicate nanocomposites decreased when ME-ODTMA was 
incorporated into the matrix. The reductions in water vapour permeability can only be 
attributed to the layered silicates providing a difficult path for the penetrant to pass through
9
, 
as well as the filler inclusion variation-based absorption along the matrix, such as reducing 
the general capacity of the polymer
10
 and the alternation of the orientation/type of the 
polymer crystal.
11
 This trend is expected with the systems available for representing the 
permeability properties of nanocomposites, in which the path of diffusion becomes more 
tortuous with an increase in aspect ratio.
50
 
However, the organo-hectorite TPE-E systems showed an increased rate of WVTR, because 
the water vapour transmission of 2WXFN-ODTMA, 4WXFN-ODTMA, 2WXFP-ODTMA 
and 4WXFP-ODTMA was measured to be higher than that of the pure TPE-E. The results 
may indicate that the low particle diameters and relatively high degree of delamination in 
TPE-E organo-hectorite nanocomposites do not produce structures with an appropriately high 
diffusion path length to offset the increased rate of water transfer through the filler surface. 
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The diffusion path length could be provided by the larger filler particles that are able to offset 
the increased rate of water transfer at the interface, and this should bring a decrease in water 
vapour permeation. There is also some indication that the degree of particle alignment of 
organo-fluoromica in TPE-E might be higher in comparison to the other WXFN or WXFP 
nanocomposites
51
 and further increase the tortuosity.
50
 
An approximate 70% reduction in the 
WVTR was measured for 2ME-ODTMA relative to the pure TPE-E. 
The permeability might be expressed as the material of the water solubility of penetrant and 
diffusion coefficients.
12
 However, in reality, the diffusion coefficients and the penetrated 
solubility in a poly(caprolactone) nanocomposite brought about a decrease with increasing in 
nanofiller content of a relatively hydrophilic organo-silicate. This can be attributed to the 
tortuous path provided by the layered silicates.
52
 Perhaps the best barrier performance of 2 
wt% ME-ODTMA in a TPE-E was achieved through combination of best degree of 
exfoliation and aspect ratio. Generally, there was a decrease in WVTR with increasing 
organo-hectorite content, due to the diffusion coefficient as influenced by the process.
12
 The 
water vapour permeability of the nanocomposite containing 4 wt% FN-ODTMA was 
complex. The WVTR is effective for ~40 hours, but then loses barrier performance, 
presumably due to the water permeant forming “channels” through the nanocomposite 
membrane. Based on these results, it is possible that the increase in permeability in 4WXFN-
ODTMA could also result from an increased penetrated solubility because, the relatively 
small particles in these materials do not provide a similar degree of tortuosity compared to 
the larger particles in 2ME-ODTMA and 4ME-ODTMA. All other nanocomposites show 
inferior barrier performance, suggesting that these formulations did not have adequate levels 
of dispersion or sufficient permeant tortuosity levels to improve barrier performance. The 
network of nanofiller particulates appears to have provided a more favourable pathway for 
water molecules to travel through these composites. 
Structures with hydrogen bonding have a high affinity to water molecules. As a result of the 
high solubility coefficient of water, there are plasticisation-induced increases in the diffusion 
coefficient. Penetrant size and shape and polymer-penetrant interactions are the two main 
factors that affect the movement of penetrants in polymers. Polymer-penetrant interactions 
affect solubility coefficient, while penetrant size and shape affect the diffusion coefficient. 
The two effects are almost inseparable at high WVTR levels. Besides promoting high 
solubilities, polymer-penetrant interactions can also influence penetrant diffusion and chain 
segment motion.
53
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Water molecules make a polar compound that has a solubility parameter of 47.7 MPa
1/2
.
54 
Conversely, Hytrel® has a high affinity to water molecules because it contains ether and ester 
polar groups. As detailed in Chapter 2, Hytrel® has both soft and hard blocks. The hard 
blocks are composed of polyester segments, whereas the soft blocks are composed of 
polyether segments. The blocks are hydrophilic and easily form hydrogen bonds with polar 
water molecules.  
TPE-E nanocomposites have a solubility parameter that ranges from 16.3 to 18.3 MPa
1/2
.
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They are nonpolar and are made from pure hydrocarbons. TPE-E hardly absorbs water 
vapour because it lacks the mutual interaction of polar and nonpolar molecules. Also, it fails 
to absorb water because of the significant difference in solubility parameters of hydrocarbon 
and water-based polymers.  2ME-ODTMA and 4ME-ODTMA films do not absorb water 
vapour and the high effective aspect ratio of the organo-fluoromica stacks is one of the 
factors that result in this characteristic. Although organo-fluoromicas can interact with the 
water molecules, they can also loosen the chemical structure of the materials. However, 
improved barrier resistance does not always occur with the incorporation of filler. In some 
circumstances, deficiencies at the matrix-filler interface, the disruption of molecular packing, 
or increases in the size of the free volume element in the matrix occur, leading to increased 
water vapour flux through the polymer matrix.
12
 
While the mechanisms behind these improvements are poorly understood at present, it is 
obvious that the changed properties of these systems are linked to alterations in host matrix 
molecular dynamics
55
 
and crystallinity,
56
 
as well as nanofiller reinforcements. The exfoliated 
of organo-silicates in a polymer matrix is generally the most-favoured structure, due to the 
produced nanocomposite properties that are isotropic and the high aspect ratio and surface 
area of the dispersed particles, which are completely employed.
45
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Table  6.1 Permeation Rates at 23°C and 100% relative humidity (RH). 
Organo-silicate Type 
Water Vapour Transmission Rate 
(g.mm/m
2
.day) 
 
Blank 3513 ± 4.0 
  
2ME-ODTMA 1120 ± 2.3 
4ME-ODTMA 1445 ± 4.7 
  
2WXFN-ODTMA 8638 ± 4.0 
4WXFN-ODTMA 6521 ± 3.7 
  
2WXFP-ODTMA 9493 ± 3.3 
4WXFP-ODTMA 8921 ± 2.2 
  
Figure 6.4 Mocon Permatran test results of host TPE-E and selected TPE-E organo-
fluoromica and hectorite nanocomposites. 
Time (hour)
0 20 40 60 80 100
W
V
T
R
 (
g
.m
m
 /
 [
m
2
 .
 d
a
y
])
0
2000
4000
6000
8000
10000
12000
Blank 
2ME-ODTMA 
4ME-ODTMA 
2WXFN-ODTMA 
4WXFN-ODTMA 
2WXFP-ODTMA 
4WXFP-ODTMA 
 135 
 
6.3 Conclusion 
In the case of TPE-E containing high aspect ratio organo-fluoromica, the nanocomposite with 
the most hydrophobic modification (ME-ODTMA) demonstrated the best nanofiller 
dispersion and intercalation and, thereby, resulted in the overall best mechanical and 
thermomechanical properties when incorporated in 2 wt%. The polarity matching between 
TPE-E and the organo-silicate determines the silicate layer dispersions in the TPE-E, and 
thus, the mechanical properties. Incorporating nanofillers with higher hydrophobicity may 
promote better dispersion of nanofiller in the TPE-E matrix due to a greater interaction 
between the nanofiller and the hydrophobic polybutylene terephthalate (PBT)
 
hard segment in 
this Hytrel® 3078 system. Under appropriate conditions, the high aspect ratio nanofillers are 
capable of significant improvement in resistance to vapour transfer through the host matrix, 
while simultaneously retaining transparency and providing enhanced mechanical 
properties.
9,11
 The decrease in permeation is attributed to the increased diffusion path length 
in the presence of the layered silicates, but not to a change in TPE-E free volume or 
morphology. On the other hand, complete deficiency of resistance to water vapour 
permeation was noted in materials such as Hytrel® containing organo-hectorite. The low 
aspect ratio clay seems to have increased the penetration solubility and diffusivity of 
molecules. As far as morphology is involved, organo-hectorite nanocomposites seem to be 
effective in water vapour permeation, presumably because of greater free volume.  
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Chapter 7 Modification of TPE-E Nanocomposites Incorporating Organo-fluoromica 
Prepared by Reactive Extrusion 
 
7.1 Introduction 
The modification of thermoplastic copolyester (TPE-E) in a twin-screw extruder can be 
performed to produce new materials via cross-linking reactions and is an potentially 
inexpensive and rapid way to obtain new commercially-valuable polymers. Twin-extruders 
act as continuous flow reactors for polymers, which play an increasingly important role in the 
production of high performance thermoplastic elastomers (TPEs). It is noted that reactive 
extrusion (RX) technology is an increasingly important method of producing sizable 
quantities of modified polymers for various industrial uses.
1
 The process of extrusion, in 
general, consists of shaping or transforming a substance in a barrel system, and is usually 
thermo-mechanical in nature. RX combines this technique with the chemical reactions 
occurring within the extruder.
2-3
 Existing research
3-5
 indicates that several types of reactions 
are possible during reactive extrusion; for instance, anionic, cationic, coordination, or 
condensation oligomer or monomer polymerisation, that can subsequently produce a polymer 
of high molecular weight. In addition, an extruder can facilitate and control polymer cross-
linking and controlled degradation using free radical initiators, mainly for the aim of 
manufacturing a product that has higher reactive sites and controlled molecular weight.
6,7
 The 
extruder can also functionalise commodity polymers with the aim of producing grafting 
materials.
3
 Moreover, the extruder has the potential to modify polymers through grafting, 
mainly with given compositions of monomers to provide a starting material.
8
 Besides the 
aforementioned reactions, an extruder can also accomplish coupling-related reactions and the 
process of forming inter-chain copolymers.
9
 It is imperative to note that extruders have 
recently played a significant role in resolving mass transfer, viscosity increases and heat 
complications that arise during the batch-polymerisation of functionalised graphene/TPE-E 
nanocomposites.
10
 
Several studies
11-13
 have examined the developmental process of nanocomposites through 
RX. Polyethylene terephthalate (PET) is a thermoplastic polyester which has high impact 
resistance, but it has issues with scratch and mar resistance. When clay is added to PET, it 
often leads to certain negative outcomes, such as embrittlement of the material. Thus, 
dispersion of elastomeric polymers within the PET matrix is used as a method to modifying 
the impact capability of PET.
14
 Previous work
14 
revealed that using RX with PET is generally 
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a difficult process, since the melt viscosity and melt tension of the material are low. The melt 
tension can be increased, but it is not sufficient to increase the melt viscosity of the material 
due to the chain extension and thermal degradation.
15
 
Subsequent research
15-17
, therefore, has been conducted to develop methods to increase the 
melt viscosity of the TPE-E. It was determined that the use of a diepoxy group as a chain 
extender could result in high molecular weights for polybutylene terephthalate (PBT).
18
 For 
TPE-Es, it was suggested that RX of PBT with increasing the level of modified methylene 
diisocyanate (m-MDI) leads to an increase in the molecular weight of TPE-E precursor.
15
 
Considering the use of RX in the preparation of TPE-E, the effects of 4,4′-diphenylmethane 
diisocyanate (MDI) are highly significant. With the use of MDI, the molecular weight of the 
material has been observed to be increased. Also, an increase in intrinsic viscosity and a 
decrease in the melt flow index could be obtained through the addition of MDI.
17
 The 
reaction should not be allowed to continue for a long residence time, since cross-linking of 
the product will occur and excessive reaction of isocyanate can lead to the undesirable 
embrittlement of the blend. However, in a situation where the correct amount of MDI is used, 
the molecular weight of PET is reduced with increasing blending time, due to the hydrolytic 
degradation and isocyanate group. It is very important to complete the process within a short 
timeframe and at high temperatures (in the range of 260-280°C). If urethane cannot be 
formed within the allotted timeframe, carbon dioxide is produced by unreacted isocyanate 
groups at the stage of post extrusion.
19
 Moreover, the unreacted group of isocyanate might 
result in undesirable side reactions at the post processing stage, due to reactions of unreacted 
MDI with water.
15
 
Reduction of crystallisation time through RX of PBT with the use of the diepoxy group as a 
chain extender provides a simpler method of getting high molecular weight of PBT compared 
to the conventional method of poly-condensation.
20,21
 Previous research found that 
multifunctional polymers, such as trimethylolpropane, trimethylolethane and trimesic acid, 
can be used to produce high molecular weights of PET.
22-24
 Investigation was carried out on 
the impact of mixing ethylene/methyl acrylate/glycidyl methacrylate (E-MA-GMA) 
terpolymer and montmorillonite on PET in a twin screw extruder.
14
 Moreover, exfoliation of 
layered silicate in PET was attained by first mixing with E-MA-GMA. Adding layered 
silicates at times affects drawback to the formed nanocomposite for instance, brittleness.  
Therefore, the modification of PET can be attained by dispersing elastomeric polymer within 
the polymer matrix. 
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The process of TPE-E benefits from the RX method mostly through the successful addition of 
any functional groups that are essential for the improved features of the substance. For 
instance, the blending of PET and polystyrene (PS), since they are both immiscible and 
incompatible polymer to extruder compunding.
25,26
 Two reactive dual compatibilisers are 
used in the blending of PET and PS. The compatibilisers include styrene maleic anhydride 
random copolymer (SMA-8 wt% MA) and tetra-glycidyl ether of diphenyl diamino methane 
(TGDDM). TGDDM‟s functional groups can react with the terminal groups of PET, e.g. –
OH and –COOH, and groups of anhydride SMA at the interface to create PET-co-TGDDM-
co-SMA copolymers. PS is miscible with SMA that has a low MA content, whereas PET‟s 
segments and phase are structurally identical.
27
 The in-situ created copolymers act as 
effective compatibilisers of the blends when they anchor at the interface.
28
 Depending on the 
quantities of the TGDDM and SMA addition, the compatibilised blends lead to a higher 
viscosity, enhanced mechanical properties and are in a smaller phase domain.
29
 The 
processing of a polymer can be effectively done with the use of  RX, which has a significant 
role to play in the process of polymerisation, grafting, branching or functionalisation; all of 
which are important chemical reactions involved with polymers.
30
 Another study also reveals 
that “reactive polyurethane adhesives and sealants based on prepolymers with free isocyanate 
groups are characterised by an extremely good performance profile”.31 However, to the best 
of our knowledge, the RX of TPE-E and TGDDM have scarcely been reported.  Kuramochit 
et al.
32
 studied the RX of cross-linked TPE-E with triglycidyl isocyanurate and TGDDM 
using a single screw extruder and reported that the ultimate strength and compression set was 
improved. 
To date, there is no literature on the reactive modification of the TPE-E nanocomposite with 
tetra-glycidyl ether compound by twin-screw extrusion. In this chapter, the optimisation of 
the TGDDM stoichiometric ratios is investigated and the addition order of the compound on 
the final properties of nanocomposites composed of soft Hytrel® 3078, organo-fluoromica 
(ME-75ODTMA), and organo-fluoromica combined with TGDDM (ME-
75ODTMA/TGDDM) are systematically assessed. TGDDM was incorporated into TPE-E by 
RX via different modification routes: the direct-addition of TGDDM with dry feed of ME-
75ODTMA (HT-C1), dry feed of ME-75ODTMA/TGDDM (HC2), ME-
75ODTMA/TGDDM based masterbatch (HC1-C2), and the post-addition of TGDDM (HC1-
T). The reactive organo-fluoromica/TGDDM is characterised using FT-IR, XRD, TGA and 
DSC. The effect of TGDDM on the thermal and mechanical properties of TPE-E 
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nanocomposites is also characterised. Furthermore, the effect of the reactive organo-
fluoromica on the microphase morphology and properties of TPE-E is investigated in an 
effort to enhance our understanding of this class of material. Full experimental procedures are 
provided in Chapter 3. 
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7.2 Results and Discussion 
7.2.1 Attenuated Total Reflectance Fourier Transform-Infrared Spectroscopy (ATR 
FT-IR) Spectral Changes 
The ATR FI-IR spectra of TGDDM, ME-75ODTMA and combined organo-fluoromica (ME-
75ODTMA/TGDDM) are shown in Figure 7.1. The adsorption peaks corresponding to the –
CH2 group of the TGDDM appear at 2925 cm
-1
. The peaks at 1617 cm
-1
 correspond to the 
C=C of the aromatic group. Furthermore, the C-C peak appearing at 1519 cm
-1
 confirms the 
presence of the aromatic group on the surface of ME-75ODTMA/TGDDM. The epoxide 
rings (oxirane) of TGDDM and ME-75ODTMA/TGDDM are observed in the range of 4000 
cm
-1
 to 500 cm
-1
. The first epoxide ring adsorption peak at 909 cm
-1
 is attributed to C-O 
deformation.  Dannenberg and Harp
33 
reported that this peak does not likely correspond to the 
band C-O deformation, but may be attributed to some other unknown process. The second 
adsorption peak in the region of 3050 cm
-1
 can be assigned to the C-H tension of the 
methylene group of the epoxy ring. Due to the low intensity of this band and its adjacency to 
the O-H adsorption, it is largely irrelevant, however can be used in the low polymerisation 
degree epoxy monomers as a qualitative indicator.  
The ATR FT-IR spectra of blank TPE-E and HT-C1, HC2, HC1-C2 and HC1-T 
nanocomposites are used to confirm the composites structure, as shown in Figure 7.2. Strong, 
intensive adsorption peaks were observed at 830 cm
-1
, which are assigned to the Si-CH3 
group of HT-C1, HC2, HC1-C2 and HC1-T. These peaks are attributed to the TGDDM 
modifier, which did not appear for blank TPE-E. Work done by Launer
34
 showed that the Si-
CH3 group is simply identified as a sharp, strong band at about 1260 cm
-1
, in association with 
one or more strong band(s) in the range of 865-750 cm
-1
. Some (CH3)3Si- compounds show a 
1250 cm
-1
 band split into two peaks, with the weaker peak often appearing as a shoulder on 
the high-frequency side of the band. Blocks of dimethyl D units show a relatively weak peak 
at 860 cm
-1
. However, in many copolymers containing dimethyl D units (random or 
alternating, not block), the 860 cm
-1
 band shifts to 845 cm
-1
, and becomes stronger.  This 
modification introduces two novel and intensive C=C stretching peaks at 1620 cm
-1
, along 
with the presence of C-C stretching at 1515 cm
-1
. This clearly confirms the ring opening 
between the TPE-E with TGDDM.
35
 Furthermore, an increasing trend in the intensity of these 
peaks is seen in the TPE-E nanocomposites, probably caused by the addition of nanoclay 
particles. The increased intensities of these bands in nanocomposites could be associated with 
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the chemical bonding between the epoxy group and the quaternary alkyl ammonium ion 
tethered at the organo-fluoromica surface. It has been reported that the hydroxyl group on the 
mica clay can act as a hydrogen bond contributor, accelerating the cross-linking reaction.
36,37
 
The process by which this occurs in the TGDDM ring opening is illustrated bellow.
36
 
 
 
 
 
 
 
 
 
The broad peak at 3500 cm
-1
 can be assigned to O-H stretching of hydroxyl groups, 
indicating the presence of high molecular weight species.
38
 Peak assignments are displayed in 
Table 7.1. 
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Table  7.1 ATR FT-IR peak assignments. 
Materials Band (cm
-1
) Peak assignment 
 
TGDDM 
ME-75ODTMA 
ME-75ODTMA/TGDDM 
ca. 3500 O-H stretching 
3050 C-H epoxide ring stretching 
2925-2852 CH2  asymmetric and CH2 
symmetric stretching 
1617 C=C aromatic stretching 
1519 C-C aromatic stretching 
1390 C-N stretching 
1240-1190 C-O ether stretching 
1070-990 Si-O stretching 
904 C-O epoxide ring 
826-800 C-H out of plane aromatic bending 
 
 
Blank 
HT-C1 
HC2 
HC1-C2 
HC1-T 
ca. 3500 O-H stretching 
2940-2864 CH2  asymmetric and CH2 
symmetric stretching 
1720 C=O stretching 
1620 C=C aromatic stretching 
1515 C-C aromatic stretching 
1380 CH2 symmetric scissoring 
1260 COO symmetric stretching 
1000 Si-O stretching 
830-800 Si-CH3 
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Figure 7.1 ATR FT-IR spectra for pure TGDDM, ME-75ODTMA and ME-
75ODTMA/TGDDM. 
Figure 7.2 ATP FT-IR spectra for blank TPE-E, and nanocomposities of direct-
addition TGDDM/ME-75ODTMA (HT-C1), ME-75ODTMA/TGDDM (HC2), 
masterbatch of ME-75ODTMA/TGDDM (HC1-C2) and ME-75ODTMA/post-
addition TGDDM (HC1-T). 
Wavenumber (cm
-1
)
1000200030004000
A
d
s
o
rb
a
n
c
e
 (
a
.u
.) 1
0
7
6
2
9
2
5 1
5
1
9
TGDDM
ME-75ODTMA
ME-75ODTMA/TGDDM
9
9
0
1
6
1
7
2
8
5
2
8
2
6
8
0
0
1
3
9
0
1
2
3
7
1
1
9
0
9
0
4
Wavenumber (cm
-1
)
1000200030004000
A
d
s
o
rb
a
n
c
e
 (
a
.u
.)
Blank
HT-C1
HC2
HC1-C2
HC1-T
1
7
2
0
1
6
2
0
1
5
1
5
8
3
0
1
0
0
0
2
9
3
8
2
8
6
4
1
3
8
0
1
2
6
0
8
0
0
 147 
 
7.2.2 X-ray Diffraction Measurements 
The XRD patterns of ME-75ODTMA and ME-75ODTMA/TGDDM are shown in Figure 7.3. 
The basal spacing of ME-75ODTMA/TGDDM was confirmed as being increased in the 
d(001) from 5.1 nm to 6.2 nm as compared with the ME-75ODTMA. This indicates that 
TGDDM was partially intercalated into the clay galleries. The presence of alkyl ammonium 
cations in the clay promotes the interaction of the TGDDM molecule between its interlayer. 
Kornmann et al.
39
 reported a mechanism for insertion of TGDDM, and the alkyl ammonium 
cations undergo a reorientation from lateral bilayer to perpendicular which expands the 
overall spacing within the organosilicate. The nature of hydrophilic alkyl ammonium (polar 
group) modified organo-fluoromica enables the epoxy molecules to permeate into the layers. 
It is proposed that the alkyl ammonium ions reorientate from the lateral bilayer in the dry 
state to a perpendicular orientation during accommodation the TGDDM. The perpendicular 
orientation is believed to optimise the solvation interaction between the alkyl groups and the 
TGDDM molecules. The consistency of the d-spacing over the organo-fluoromica when 
combined with the TGDDM, indicates that the TGDDM needs a layer spacing of 
approximately 6.2 nm to fit between the layers of the fluoromica, regardless of the alkyl 
ammonium cation structure studied here. 
Figure 7.4 presents the XRD patterns of ME-75ODTMA/TGDDM and its nanocomposites 
prepared via different modification routes. All of the composites exhibit a well-defined 
diffraction peak (d002) at 2θ = 2.8°, corresponding to the regular interlayer distance of the 
organo-fluoromica/TGDDM platelets with the exception of HT-C1. Note that the second 
(d001) reflection of these nanocomposites structure is not visible. The d-spacings of HC2, 
HC1-C2 and HC1-T nanocomposites are slightly shifted to lower angle at 2θ of 2.8° 
corresponding to the interlayer distance of 3.2 nm, which suggest that very little, if any, TPE-
E has intercalated the interlayer spacing. The presence of the combined organo-
fluoromica/TGDDM (d002) peak indicates that the clay layers possess a degree of 
organization and suggest the intercalation of TPE-E molecule chains into the silicate layers. 
The HT-C1 patterns represented an exfoliate structure since no peak is identified by XRD. 
This suggests that the TPE-E molecules which are entering between the clay layers push the 
platelets separately. Thus, the platelets might not be parallel to each other. However, it should 
be recognised that the extruder processing conditions, the residence time and level of shear is 
important variables to the dispersion and delamination of the layered silicate. The same was 
reported by Alyamac and Yilmazer
14
 who studied the effect of ethylene-methyl acrylate-
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glycidyl methacrylate as an impact modifier on PET/organoclay nanocomposites structure. 
The XRD patterns showed that the disappearance of any reflection peak and fully 
delaminated layers. TEM can be used to image the structure of nanocomposites. 
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Figure 7.4 The XRD patterns of ME-75ODTMA/TGDDM, and nanocomposities of  direct- 
addition TGDDM/ME-7ODTMA (HT-C1), ME-75ODTMA/TGDDM (HC2), masterbatch 
of ME-75ODTMA/TGDDM (HC1-C2) and ME-75ODTMA/post-addition TGDDM (HC1-
T). 
Figure 7.3 The XRD patterns of ME-75ODTMA and ME-75ODTMA/TGDDM. 
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7.2.3 Transmission Electron Microscopy  
TEM images of the TPE-E nanocomposites with TGDDM of different modification routes 
are displayed in Figure 7.5 at magnifications of 18,500 and 100,000 times. The dark lines 
represent the layered silicate of clay or the aggregation of tactoids, while the white areas 
adjacent to the clay layers are an artefact of cutting. 
These images show that the organo-fluoromica platelets are dispersed in TPE-E, and little 
clusters of intercalated clays and a portion of exfoliated silicates are visible in all images. The 
efficiency of different processing routes elucidates that there is a good interaction between 
the host TPE-E and reactive nanofiller. However, when using XRD for measuring the particle 
dispersion in the TPE-E-organo-fluoromica/TGDDM system, the XRD signal obtained 
(Figure 7.4) does not differentiate between increased spacing. A very small proportion of the 
platelets and platelet mismatch; thus results can be ambiguous. The good degree of 
exfoliation attained in this system can be attributed to the strong, driving intercalation force, 
assuming that the most probable hydrogen bonding is between the TPE-E and reactive 
nanofiller. The hydroxyl groups on ME-75ODTMA have the ability to form hydrogen bonds 
with the hard PBT segment and, to a minor extent, the soft segment poly(oxytetramethylene) 
glycol (PTMG). The XRD signature of HT-C1 shows a lack of any reflection peak and fully 
delaminated layers. In agreement with the micrographs, the direct-addition of TGDDM 
resulted in greater organo-fluoromica dispersion and exfoliation in the HT-C1 system (Figure 
7.5a). In comparison, the post-addition route exhibited an ordered, intercalated structure that 
contains larger clay stacks or tactoids interspersed through the HC1-T nanocomposite, as 
shown in Figure 7.5d. This is attributed to a decrease in the spatial restriction of molecular 
motion imposed by organo-fluoromica/TGDDM. The presence of exfoliated lamellae is 
presumably caused by the high shear energy applied during extrusion compounding. The 
extra shear force generated by the high viscosity of the dispersion of clay particles would 
help the delamination of silicate layers in the polymer matrix.
40,41
 Furthermore, the high 
temperature compounding process may also have induced some degree of degradation of the 
75ODTMA surfactant, creating free amines and alkenes that can consequently decrease the 
molecular weight of TPE-E. However, it would be an over-interpretation of the data to 
propose that a greater quantity of host polymer intercalated the interlayer spacing of the 
silicate layers. A decrease in the ordering stack size and distance between layers results in a 
reduction in the intensity of their diffraction peaks. 
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Figures 7.5b and c show the structural morphology of the dry feed of melt mixing ME-
75ODTMA/TGDDM (HC2) and mixing masterbatch process HC1-C2 of nanocomposite, 
where exfoliation structures are observed. However, TEM analysis may only present the 
morphological information of a very small area. It was difficult to quantify what percentage 
of intercalation or exfoliation was achieved in these systems. At low magnification, 
substantial aggregates were observed in the TPE-E matrix, with varied dimensions. While it 
is possible to examine the optical microscope to show the dispersion of combined organo-
fluromica/TGDDM in host TPE-E under the present processing conditions,
42
 this was not 
attempted here. 
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Figure 7.5 TEM images of TPE-E nanocomposites modified by reactive extrusion of a) HT-
C1, b) HC2, c) HC1-C2, and d) HC1-T at magnifications of 18,500x and 100,000x. 
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7.2.4 Thermal Stability of Combined Organo-fluoromica 
Thermogravimetric analysis (TGA) is used for comparing the thermal stability and 
degradation of ME-75ODTMA and ME-75ODTMA/TGDDM in the temperature range of 25-
800°C. Figures 7.6a and b show the TGA and DTG of ME-75ODTMA and ME-
75ODTMA/TGDDM. As can be seen from TGA thermograms, mass losses are observed are 
at temperatures below 100°C as a result of the evaporation of adsorbed water. The mixing of 
TGDDM produced a significant improvement in thermal stability. The onset of 
decomposition of ME-75ODTMA occurred at 213°C, whereas the onset decomposition of 
combined organo-fluoromica/TGDDM was significantly delayed to 273°C. This is due to the 
silicate layers‟ structure having a low bond energy Si-O-Si linkage, leading to lower 
inorganic components in fluoromica, and, thus, resulting in less mass loss.
43
 Another possible 
reason for the increased onset temperature of TGDDM combining organo-fluoromica is that 
the clay sheets may confine the progression of degradation products due to the surface 
modifier and network modification.
44
 This result seems to oppose the findings of Kornmann 
et al.,
45
 which reported a low thermal stability of fluorohectorites modified with protonated 
dihydroimidazolines and octadecylamine when combined with TGDDM. They suggested that 
the combined organo-fluorohectorites thermally degraded the surface modifier and network 
modification due to the homopolymerisation of TGDDM or to the possible cation exchange 
of surface modifiers for cross-linking during the mixing phase. 
The formation of a TGDDM molecule on the surface of an organo-fluoromica during 
decomposition may take place and hinder further oxidation of organo-fluromica/TGDDM. 
Furthermore, the fluoromica layers act as a barrier by hindering the passage of volatile 
degradation products.
44
 However, ME-75ODTMA/TGDDM may have reduced the rate of 
mass loss even further by TGDDM, which may cause possible changes in the reactivity of 
this compound, or may be simply due to its partial evaporation/sublimation.
46
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7.2.5 Differential Scanning Calorimetry  
First, the effect of the TGDDM on organo-fluoromica was investigated using DSC. The 
exothermal peaks of pure TGDDM and with organo-fluoromica are shown in Figure 7.7. In 
pure TGDDM, an exothermic peak is observed at 311.2°C. When combining the organo-
fluoromica into TGDDM, two peaks in exothermal temperature are apparent. According to 
Lan et al.
47
, the appearance of two peaks is due to the two different epoxide polymerisation 
processes on the organoclay. The lower temperature peak is attributed to the polymerisation 
of pre-intercalated TGDDM in the organo-fluoromica galleries, in which acidic onium proton 
concentrations are high. As their proposed mechanism, the presence of alkyl ammonium 
cations may generate protons throughout dissociation and these protons result in additional 
acid-catalysis o the opening of the epoxy-ring. The higher temperature peak is due to the 
polymerisation of extra-gallery TGDDM.  However, the shift in the exothermal peak of ME-
75ODTMA/TGDDM at 320.9°C indicates that the energy required for ring opening 
polymerisation is increased, and that the alkyl ammonium ion had a catalytic effect on 
TGDDM in clay swelling.
48
 Therefore, the catalytic effect can lead to the situation in which 
the extra-gallery reaction is faster than the inter-gallery one; thus the combination of organo-
fluoromica/TGDDM in the TPE-E matrix would form a highly cross-linked network and 
prevent exfoliation of the silicate layers. A catalysed reaction in the layered silicate gallery 
would occur at a lower temperature. The second, higher temperature peak is likely due to the 
cross-linking reaction outside the organoclay gallery and is assumed to refer to the non-
Figure 7.6 TGA profile (a) and DTG (b) of ME-75ODTMA and ME-
75ODTMA/TGDDM. 
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catalysed TGDDM resin reaction. Furthermore, at higher temperatures, organoclay-induced 
homopolymerisation of the TGDDM might occur.
36
 
 
 
 
 
 
 
 
 
The effect of ME-75ODTMA/TGDDM on the melting and crystallisation behaviours of TPE-
E and its composites was also investigated.  Figure 7.8 presents the DSC heating (a) and 
cooling (b) scans of blank TPE-E, HT-C1, HC2, HC1-C2 and HC1-T nanocomposites. From 
Figure 7.8a, double glass transition (Tg) and melting (Tm) temperature peaks of all composites 
are noticeable, where the glass transition peak at about -70°C (T
1
g) and the melting 
temperature peak close to 95°C (T
1
m) are related to the soft segment PTMG in the TPE-E 
matrix, while peaks around 4°C (T
2
g) and 165°C (T
2
m) are attributed to the hard PBT 
segment. The presence of double Tg proves the existence of two different amorphous phases: 
amorphous PBT and PTMG, where the chemical composition is different. The addition of 
organo-fluoromica/TGDDM has an insignificant effect on the Tg of PTMG and PBT, as 
shown in Table 7.2. From the results, the HT-C1 shows a slight effect on the Tm of the soft 
and hard segments, in which the Tms of PTMG and PBT shift from 95.7°C and 165.7°C for 
blank matrix to 93.8°C  and 167.2°C, respectively, for the nanocomposite. Perhaps more 
significant is the decreased enthalpy of fusion of the hard PBT segment in HC1-T. This result 
indicates that the packing or registration of macromolecular chains between the host TPE-E 
matrix and the organoclay is somehow decreased or hindered.
49
 However, HT-C1, HC2, 
HC1-C2 and HC1-T showed a decrease in the Tg of the soft and hard segments with the 
addition of TGDDM. This reduction suggests that the epoxy groups in TGDDM have been 
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Figure 7.7 Exothermal curves of pure TGDDM, ME-75ODTMA and ME-
75ODTMA/TGDDM. 
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trapped within the silicate layers and are therefore unable to react with the terminal groups of 
TPE-E. This may result in a reduction of the cross-linking within the polymer and a 
consequent reduction in Tg in the nanocomposite. Previous DSC measurements on clay 
nanocomposites based on epoxy by Ratna et al.
50
 and Isik et al.
51
 showed that the Tg of 
nanocomposite is greater than the blank TPE-E matrix. Both studies reported that the 
mobility of polymer chains decreases because of the interaction between the organoclay and 
polymer molecules, causing an increase in the Tg. In addition, the presence of a large number 
of epoxy groups gives rise to a highly cross-linked network within the nanocomposite. As 
seen in Figure 7.8b, the addition of TGDDM in the HT-C1, HC1-C2 and HC1-T clearly 
shifted the exothermic heat of crystallisation peaks of the hard PBT segment to higher 
temperatures. This is likely due to the nucleating effect of ME-75ODTMA particles, which 
leads to an increase in this crystallisation temperature (Tc). The hydrogen bond formed 
between the TPE-E and reactive nanofiller is also able to accelerate cross-linking.
36,37
 The 
behaviour of uniform and non-uniform hard segments in non-hydrogen bonding 
polyurethanes was discussed by Harrell
52
 and Ng et al,
53 
and
 
hydrogen bonding-segmented 
polyurethanes was discussed by Eisenbach et al.
54
 and Miller et al.
55
 The result of these 
studies indicates that hard segments of uniform length crystalise faster and better than hard 
segments of non-uniform length.  
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Figure  7.8 DSC thermograms of (a) heating scan and (b) cooling scan of host TPE-E, and 
nanocomposities of direct-addition TGDDM/ME-7ODTMA (HT-C1), ME-
75ODTMA/TGDDM (HC2), masterbatch of ME-75ODTMA/TGDDM (HC1-C2) and ME-
75ODTMA/post-addition TGDDM (HC1-T). 
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Table  7.2 Summary of DSC heating and cooling peaks. 
Material T
1
g  
(°C) 
T
2
g  
(°C) 
T
1
m  
(°C) 
T
2
m  
(°C) 
T
b
c 
(°C) 
ΔH2  
(J/g)  
Blank -70.7 4.5 95.7 165.7 107.0 8.5 
HT-C1 -74.1 4.1 93.8 167.2 116.1 8.8 
HC2 -71.2 4.1 89.3 166.3 100.9 10.5 
HC1-C2 -73.3 4.2 84.4 167.9 115.8 9.2 
HC1-T -75.4 3.4 88.8 167.2 107.8 8.1 
                    b
For PBT block 
7.2.6 Dynamic Mechanical Properties 
DMTA measurements are used to provide an idea of the phase behaviour of composites. The 
loss factor (tan δ), loss modulus (E”) and storage modulus (E‟) curves of blank TPE-E and its 
nanocomposites versus temperature are shown in Figure 7.9a, b and c. Figure 7.9a revealed 
two Tg peaks at approximately -50°C (T
1
g) and  55°C (T
2
g), which are related to the soft 
PTMG  and hard PBT segments, respectively, with the exception of HC2, which had only one 
peak at  approximately -46.6°C (T
1
g). Similar to what was previously reported by Seymour et 
al.
56
, the Tg of a mixture containing two amorphous soft phases of PTMG and 
poly(tetramethylene terephthalate) segments showed that the value of pure PTMG can be 
observed at about -50°C.  The peak position of these Tgs in HC2 and HC1-C2 was clearly 
shifted to higher temperatures. The increase in Tgs with soft and hard phase nanocomposites 
is likely due to the restriction on chain mobility from the presence of organo-fluoromica 
particles. That is, the mobility of the TPE-E chains decreases due to the interaction between 
the clay and the polymer molecules resulting in higher Tg. In contrast, Xu et al.
57 
found that 
Tg decreases with the addition of organoclays into the polymer matrix due to the absence of 
some cross-linking in the hybrid material, and the segmented mobility within the polymer 
increases. 
However, the Tg of the hard PBT segment in HC2 is not detected in the tan δ temperature 
curve. This could be caused by one of two factors; either there is no non-crystalline PBT, or 
the PBT weight fraction is very low in the TPE-E composition, as reported by Zhou and 
Burkhart.
49
 It is obvious from the E” of blank TPE-E and nanocomposites that the HC2 and 
HC1-C2 nanocomposites increased in the β1-relaxation of the E” (Figure 7.9b). This indicates 
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that the segmental motion of the TPE-E chains was restricted. The improvement in E” is 
about 2.3% of HC1-C2, while only 1.7% for the HC2 nanocomposite. This occurrence can be 
assigned to the uniform dispersion of reactive nanofiller in the host polymer, which acts as a 
chemical and physical cross-link.
10
  
The incorporation of ME-75ODTMA/TGDDM caused an increase in E‟ over the whole 
temperature range. The increase in E‟ of the TPE-E masterbatch incorporating ME-
75ODTMA/TGDDM was more significant above the Tg,
 
due to the greater mismatch in the 
elastic constants of the TPE-E and organoclay.
37
 The dry feed addition of reactive ME-
75ODTMA/TGDDM caused a slight increase in Tg and an increase in tan δ capacity. This is 
attributed to the clay restricting molecular motion. The HC1-C2 masterbatch resulted in a 
greater increase in E‟ and Tg. This is a result of the amount of polymer restrained by the clay 
increasing with the different amounts of organic groups on the clay surface. These varying 
amounts led to different ratios between the organic groups of the cations and the 
TGDDM/cross-linker mixture between the layers.
58
 The structure of the organoclay had an 
effect on layer separation. Differences were only seen between the organo-fluoromica used 
after the masterbatch process. This suggests that the organoclay used has a variable effect on 
the TGDDM. The larger number of reacted epoxy groups with terminal TPE-E groups means 
more cross-linking has occurred, leading to higher Tg. 
The reduction in the intensity of the HC2 tan δ peak was caused by an increase in E‟ (Figure 
7.9c). This feature is unlike that displayed by the masterbatch HC1-C2 nanocomposite, and 
the mechanism responsible for this behaviour is different. Silicate masterbatch 
nanocomposites are known to cause an increase in the tan δ capacity between the Tg and the 
melting point of the host TPE-E matrix, resulting in greater improvement in the E” with 
respect to the E‟ in this temperature range.59 The transition temperatures obtained from the 
DMTA curve are listed in Table 7.3. The intensity of the tan δ peak increased sharply with 
temperature above -48.5°C for the host matrix. This coincides with the onset of complete 
segmental mixing, resulting from the disordering of the TGDDM sequence structures, as 
detected by DSC. This feature is less prominent for the HT-C1 and HC1-T nanocomposites 
because their hard domains remain intact in this temperature range. However, an increase in 
soft segment molecular weight led to a decrease in the Tg, a reduction in the intensity of the 
loss peak, and a broadening of the temperature range over which the T
1
g
 
occurred. Unreacted 
epoxy groups result in a reduction in cross-linking, which can be seen as a reduction in the 
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Tg. The presence of the organoclay within the modified TPE-E system had little effect on the 
cross-linking structure. 
 
Table  7.3 Glass transition temperatures (Tg) determined from DMTA curves. 
Material 
Loss factor (tan δ) peak, Tg 
(°C) of Host 
Loss Modulus (E”) peak, 
Tg (°C) of Host 
T
1
g (°C) T
2
g (°C) Tβ1 (°C) 
 
Blank 
 
-48.5 
 
52.3 
 
-63.1 
 
HT-C1 
 
-58.7 
 
55.0 
 
-68.7 
 
HC2 
 
-46.6 
 
- 
 
-61.4 
 
HC1-C2 
 
-40.6 
 
54.2 
 
-60.8 
 
HC1-T 
 
-55.2 
 
55.0 
 
-64.6 
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Figure 7.9 Dynamic mechanical data as a function of temperature: (a) loss factor (tan δ), 
(b) loss modulus (E”), and storage modulus (E‟) of host TPE-E, and nanocomposities of 
TGDDM/ME-7ODTMA (HT-C1), ME-75ODTMA/TGDDM (HC2), masterbatch of ME-
75ODTMA/TGDDM (HC1-C2) and ME-75ODTMA/post-added TGDDM (HC1-T). 
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7.2.7 Mechanical Properties 
To optimise the effect of TGDDM stoichiometric concentration on tensile curves, the ratio of 
TGDDM was varied from 0.1 to 0.7 wt%, as displayed in Figure 7.10a and b. Mixing 
TGDDM in direct addition with TPE-E was carried out in the extruder by the feeding of 
organo-fluoromica (2 wt% ME-75ODTMA). Otherwise, the experimental conditions were as 
previously stated. 
Generally, tensile strength decreased with the addition of TGDDM, but this was not observed 
for 0.3 wt% (Table 7.4), with a 22% decrease being observed at 0.7 wt%. A 2.6% increase in 
ultimate tensile strength (UTS) was observed with the recommended TGDDM concentration 
of 0.3 wt%. As a result, this concentration (0.3 wt%) was used for the reminder of the work. 
The slight increase in the UTS can result in cross-linking of the TPE-E phase, and, therefore, 
a large number of small, uniformly cross-linked TPE-E particles were distributed in the 
matrix. Considerable branching and cross-linking, accordingly, may take place, which leads 
to a strong rigidification of the network.
60
 The entangled molecules could not slip past each 
other during the tensile test, resulting in higher tensile strength. However, the UTS of TPE-E 
decreased with an increase in TGDDM content because of the excessive cross-linking 
formation. This can be attributed to a restriction in the mobility of cross-linked chains 
forming and a decrease in the ductility of the nanocomposites. This is reasonable assumption 
given the dramatically decreased elongation at break, and because the cross-link density 
calculated from the gel content (to be discussed below) in the rubbery plateau region 
increased with the increase in TGDDM.
61
 The low cross-link density allows for enough 
movement of the polymer chains to react around the organoclay.  
From the initial part of the tensile curve of the nanocomposites (Figure 7.10a), A decrease in 
the Young‟s modulus was observed in addition of TGDDM in the TPE-E matrix, despite the 
effect of TGDDM concentration on UTS. There was no evident variation in modulus when 
0.3 wt% was added. This may indicate that interfacial adhesion between the ME-75ODTMA 
and the TPE-E matrix is poor during extrusion. It should also be considered that the 
immiscibility of ME-75ODTMA in the matrix when added TGDDM is responsible for this 
behaviour.
45
 Referring to Table 7.4 results of elongation at break, it seems that an amount of 
0.1 wt% TGDDM can evidently enhance the mechanical properties, however, an addition of 
more TGDDM does not enhance mechanical properties, even could have adverse effect on 
the mechanical properties. A small amount of TGDDM (0.1 wt%) evidently contributes to the 
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slight increase of elongation at break and tear strength up to 3 % and 2 % respectively. It is 
proposed that the prepared nanocomposites containing a lightly cross-linked TPE-E 
formation that is not yet reached its peak. 
Table  7.4 Effect of TGDDM stoichiometric ratio on tensile properties of blank TPE-E and its 
nanocomposites. 
Materials Tensile strength 
(MPa) 
Young‟s 
Modulus (MPa) 
Elongation at 
break (%) 
Tear strength 
(MPa) 
Blank 34.4 ± 0.8 15.9 ± 1.1 2157 ± 63 91.6 ± 4.9 
HT-C1/0.1 34.1 ± 0.6 10.3 ± 0.8 2225 ± 21 93.5 ± 1.3 
HT-C1/0.3  35.3 ± 1.2 8.8 ± 0.5 2058 ± 27 83.2 ± 3.7 
HT-C1/0.5 33.8 ± 0.4 7.7 ± 0.4 1674 ± 46 88.8 ± 4.2 
HT-C1/0.7 26.9 ± 0.9 9.3 ± 0.3 1567 ± 58 73.5 ± 3.0 
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Figure 7.10 Effect of TGDDM stoichiometric ratios loadings on the modulus (a) and 
stress-strain curve (b) of TPE-E fluoromica nanocomposites. 
 163 
 
The good degree of exfoliation achieved in this system can be attributed to the strong driving 
force for intercalation provided by the potential for hydrogen bonding between the host TPE-
E and organo-fluoromica. The hydroxyl groups on ME-75ODTMA are capable of forming 
hydrogen bonds with the hard segment, and to a minor extent the soft segment ether oxygens.  
TGDDM molecules promise to be a highly versatile for cross-linking the TPE-E, as the 
tertiary amine on the TGDDM is able to act as a catalyst during the RX.
27
 The presence of 
any hydrogen bond donor molecule in TGDDM has been reported to act as an accelerator.
62
  
In order to systematically vary the mechanical properties of the modified nanocomposites in 
this study, four modification routes were used: varying (i) the direct mixing of TGDDM in a 
liquid state with a polymer, followed by the mixing of the ME-75ODTMA; (ii) mixing 
TGDDM with the swelling ME-75ODTMA, followed by evaporation of the solvent before 
dispersion in the polymer; (iii) masterbatching 10 wt% of ME-75ODTMA in the polymer, 
then allowing the extruded polymer to let down to 2 wt% of ME-75ODTMA//TGDDM and 
(iv) mixing the ME-75ODTMA dispersion with the melted polymer and post-adding 
TGDDM. 
The effects of modification on the initial part of the tensile modulus and the complete UTS 
curves of TPE-E can be seen in Figures 7.11a and b, respectively, and a summary of the 
tensile properties is provided in Table 7.5. The melt-mixing masterbatch process (HC1-C2) 
and post-addition of TGDDM (HC1-T) in the TPE-E matrix were observed to increase UTS 
by 16% for both modification routes. In contrast to the XRD results, the order of the addition 
did not significantly affect the tensile strength of the HT-C1 nanocomposite. This is likely 
due to the higher levels of exfoliation seen in the clay particles. The RX of TPE-E and 
TGDDM prior to compounding with the clay must have promoted the exfoliation of the clay 
layers, as evidenced by the high molecular weight and the high viscosity obtained in 
comparison to blank TPE-E.
14
 While post-adding TGDDM increases the UTS for the HC1-T 
nanocomposite, the TGDDM is believed to have better dispersion of the clay in TPE-E, and a 
strong interaction between TPE-E and the organoclay is essential for achieving high UTS. 
The plasticisation effect of ME-75ODTMA surfactant would be appropriate for further 
relaxation of stresses and would allow the nanocomposite to attain a higher elongation at 
break.
63
 Tensile properties of HT-C1 nanocomposite-based direct TGDDM mixing were 
lower than those of their post-addition TGDDM counterparts because of the thermal and 
thermo-oxidative degradation in the PBT hard segment of TPE-E.
64
 This suggests that the 
effect the organoclay has on strengthening the TPE-E depends on the rate of reaction and/or 
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the potential for cross-linking the TGDDM provides.
50,65 
As the highly cross-linked network 
forms, the presence of the organoclay makes it more difficult for further reactions to occur; 
therefore, the rate of reaction decreases. 
The Young‟s modulus values measured did not show a dependence on modification route, 
despite a small effect on the E‟ of HC2 and HC1-T. As observed with the E‟ results, the 
Young‟s modulus decreased in all of the modified nanocomposites, as shown in Table 7.5. 
The reason for the decreased modulus in the nanocomposites is not clear at this point. 
Possible reasons for the decrease in elastic modulus, in addition to further tensile properties 
(elongation at break and tear strength), include TGDDM-induced crosslinking, the lack of 
bonding (interfacial adhesion) between host TPE-E and the organoclay and the crystallinity 
percentage of the hard PBT segment of TPE-E nanocomposites.
66 
The modulus of the HC2 
nanocomposite is higher when prepared by a dry feed of combined organo-
fluoromica/TGDDM, compared with that of other modification routes. However, this process 
route does not consider the TPE-E host matrix, probably because of the greater hard segment 
content and co-continuous microphase structure.
55
 Another possible finding is that the 
presence of Wurster‟s blue centres in the intercalation of TGDDM between the layers of clay 
(due to the oxidative attack) is capable of improving the tensile properties.67 The oxidation 
may be carried out in an extruder, making it a RX process. Therefore, the oxidised TPE-E 
may have three functional groups: hydroxyl, carboxyl and carbonyl. The carboxyl groups on 
TPE-E were postulated to interact more strongly with the clay surface compared to hydroxyl 
groups. The carboxyl functional groups on TPE-E could be involved in hydrogen bonding 
with the oxygen and hydroxyl groups on the clay surface. These bonds would have higher 
energies (15-40 kcal mol
-1
) than hydrogen bonds between non-oxidised TPE-E and clay 
hydroxyls (5-10 kcal mol
-1
).
68
 It should also be considered that the hydrogen on the 
quaternary ammonium ion can form hydrogen bonds of the same order of energy (15-40 kcal 
mol
-1
)
68
 with oxidised TPE-E carboxyl groups. The addition of TGDDM to the TPE-E 
oxidised system seems to enhance the bonding between TPE-E and clay, presumably because 
of the better interaction of the reactive nanofiller surface with the hydrophobic PTMG 
fraction.
69,70
  
There was an increase of stress at zero strain, and the tensile properties of HC2 
nanocomposite had a marked increase at this point. The source of these enhanced properties 
exhibited by nanocomposites is not yet fully understood. Deformation starts here due to the 
lower modulus exhibited by the soft phase and extends to the hard domains, the long axis of 
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which is aligned with and parallel to the direction of strain. Stress is shifted to the hard 
domains as the soft segments move further away. This causes the segments contained in the 
hard domains to turn and align themselves parallel to the direction of the strain. A further 
increase in the strain causes the hard domains to break up into smaller structures, and 
eventually the hard segments are drawn out of the domains. Fibrillar structures are formed by 
the aligned hard and soft segments, and in some cases, the soft segments crystallise.
71,72
 
Stress-strain tests result in a comparatively high modulus, which reveals that a co-continuous 
PBT morphology exists in TPE-Es.
73
 The stress-strain curves associated with TPE-Es can be 
divided into three discrete sections.
74
 The co-continuous crystalline PBT phase is obtainable 
at low elongations via a reversible elastic deformation process. The co-continuous PBT phase 
gets disrupted along with the direction of the crystalline lamellae at higher strains. The 
deformation is permanent, and the high plastic deformation that occurs hinders any elastic 
recovery. This is a normal occurrence for such materials. Following the completion of the 
crystallite orientation, stress continues to be applied throughout the uninterrupted amorphous 
phase, until breakage finally results.
75 
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Table  7.5 Summary of effect modification routes on tensile properties of blank TPE-E and its 
nanocomposites. 
Materials Tensile strength 
(MPa) 
Young‟s 
Modulus (MPa) 
Elongation at 
break (%) 
Tear strength 
(MPa) 
Blank 34.4 ± 0.8 15.9 ± 1.1 2157 ± 63 91.6 ± 4.9 
HT-C1
*
 35.3 ± 1.2 8.8 ± 0.5 2058 ± 27 83.2 ± 3.7 
HC2 37.0 ± 0.8 14.5 ± 1.2 1776 ± 42 85.4 ± 2.8 
HC1-C2 39.8 ± 0.6 11.0 ± 0.9 1836 ± 62 86.0 ± 2.6 
HC1-T 39.9 ± 0.9 12.1 ± 0.8 2175 ± 24 84.9 ± 1.8 
*
Mechanical properties data obtained for optimum concentration of TGDDM that was used 
ME-75ODTMA as a dry feed side. 
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Figure 7.11 Effect of modification route on the (a) modulus, and (b) stress-strain curve of 
TPE-E nanocomposites. 
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TPE-E modification experiments measured as a function of time provide the creep behaviour 
of a sample. The time-dependent part of the plastic deformation on the microphase of TPE-E 
was evaluated by tensile-creep modulus (Et). A constant load of 50 N (a stress of 3.5 MPa) 
was applied for the creep measurements, which was held for the periods of time in the range 
0.1-360 minutes at room temperature. Et values for bank TPE-E and the modified 
nanocomposites are summarised in Table 7.6, while their representative tensile-creep curves 
are displayed in Figure 7.12.  
For engineering samples that are stiffer than typical elastomers, creep response is preferred. 
Three creep stages are seen for HT-C1 and HC1-T nanocomposites. After an initial quasi-
elastic elongation, the primary creep, characterised by a fast creep rate, develops up to 
roughly 1 hour, and is then followed by a secondary creep region that appears until the end of 
the test. A ternary and fast elongation creep region, which usually develops just before 
fracture, did not appear in  HC2 and HC1-C2 nanocomposites, in agreement with the small 
initial load used (3.5 MPa of the applied stress). This test reveals that the dimensional 
stability and the load presenting capability is enhanced by using a dry feed of combined 
organo-fluromica/TGDDM and masterbatch process. This improvement is due to the clay 
particles interaction with the polymer chains and the addition of TGGDM. This strong 
interaction restricts the slippage and motion of cross-linked TPE-E chains, resulting in 
improved dimension stability.
76
 The decrease in Et with the addition of reactive nanofiller 
was important, since the deformation at 6 h loadings of HC2 and HC1-C2 were 24.5% and 
19% smaller, respectively, than that of blank TPE-E. These results suggest that the clay does 
have a significant effect on the TPE-E microphase morphology response to non-elastic 
deformation, with its larger affinity towards the soft PTMG segment and higher degree of 
organo-fluoromica/TGDDM particle-particle interactions. It also more effectively restrained 
the chain mobility of the PTMG segment, hence the decreased TPE-E extension under these 
conditions. This means that fast initial deformation properties of the elastic modulus and the 
viscoelastic, and largely time-dependent, matrix deformation is influenced by 
polymer/combined organo-fluoromica interactions.
77 
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Table  7.6 Tensile creep modulus (Et) and compression set of blank TPE-E and its modified 
nanocomposites. 
Materials Tensile Creep Modulus (Et) 
 (MPa)  
Compression Set 
(%) 
Blank 13.9 ± 0.6 84 
HT-C1 7.2 ± 0.1 82 
HC2 17.3 ± 1.4 68 
HC1-C2 16.5 ± 0.2 67 
HC1-T 11.6 ± 3.2 76 
 
Table 7.6 shows the compression set values determined from thickness recovery for the 
modified nanocomposites. One can identify that in the case of HT-C1 and HC1-T 
nanocomposites-based direct TGDDM mixing increased the compression set values. This 
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Figure 7.12 Tensile creep curves of blank TPE-E and its modified nanocomposites at an 
applied stress of 3.5 MPa. 
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reduction in elasticity can be attributed to the breakup of the cross-links as a result of 
mastication during extrusion.
78
 However, in the case of HC2 and HC1-C2 nanocomposites 
based on dry feed clay additions a reduction in compression set have been observed in the 
presence of the TGDDM molecule which is assumed to affect the interfacial entanglement in 
TPE-E. The seemingly decrease in the TGDDM amount would also be expected to decrease 
in the hard segment crystallinity of TPE-E. It is still expected that if there is a very low 
TGDDM amount, the physical cross-link density becomes too low to respond effectively to a 
compression of 24 hours.
79
  
Modification of TPE-E in twin-screw extruder increased the elastic recovery for almost all 
nanocomposites. TGDDM cross-linker displayed improved the elasticity of the samples 
which is in agreement with a parallel change in the UTS as mentioned above. The low 
compression set values suggest that the dry feed clay additions contain TGDDM had been 
attributed to the lack of interfacial bonds between the clay particles and the host polymer 
because of the low stress transfer between the reactive nanofiller and TPE-E matrix. 
7.2.8 Gel Content 
The formation of a cross-linking network in TPE-E is determined by measuring the gel 
content. This is demonstrated in Figure 7.13, where it can be observed that the gel content of 
the blank TPE-E increases with the increase of TGDDM concentration. TGDDM modified 
nanocomposites show the highest extent of reaction, which is also confirmed by excessive gel 
formation and, as expected, a considerably reduced carboxyl content. This is likely due to the 
continuing thermal degradation of the TGDDM in the extruder barrel, which is in contrast 
with data reported in Japon et al.
60
, where incomplete reactions in the extruder led to further 
viscosity increases during melt rheological characterisation. Hence, the amount of TGGDM 
used should be less than 0.3 wt%; amounts above that level may cause undesirable branching 
or cross-linking and/or introduce less thermally-stable linkages in the PBT hard segment of 
TPE-E.
64
 A study was conducted by Chiang and Chang
80
, which showed that the addition of 
TGDDM resulted in the increase of the viscosity of a polymer blend of polyamide-6 and 
poly(phenylene ether). This was recorded by the extruder input current. They found that the 
increase of the extruder current measured was due to the anticipated molecular weight gain 
caused by the chain expansion and coupling reactions of the TGDDM with the blend. 
Although there was a small increase in the compatibility of the blend in the resulting melt 
viscosity, no perceptible problems we apparent in processing due to viscosity. With an 
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increase in the TGGDM content, the size of the domains associated with the blends were 
reduced significantly. 
 
 
 
 
 
 
 
7.2.9 Molecular Weight Determination 
GPC provided the relative TPE-E molecular weight distributions (MWD) for the blank TPE-
E and modified nanocomposites. The cross-linking of a material is to a large extent controlled 
by its structural characteristics, which determine the rheological behaviour of the melt. The 
main structural parameters of modified TPE-E have been studied using GPC experiments. 
The effect of TGDDM stoichiometric concentrations on the MWD of TPE-E nanocomposites 
are given in Table 7.7. The difference between the blank TPE-E and the HT-C1/0.1 appears 
to be small and only a small portion of higher masse is obtained. A remarkable increase of 
high mass is obtained at the high amount of modifier, which increases the cross-linking 
networks and produces a longer tail towards high masses, with the exception of HT-C/0.5, the 
number average molecular weight (Mn) of TPE-E. The addition of TGGDM may be strongly 
dependent on the reaction time because of the completing branching and degradation 
reactions. The homopolymerisation of epoxies in an extrusion process is reported to occur 
before mixing is completed,
60 
and in the short residence time typical of extrusion, such 
reaction remains limited, although it induces a slight increase in the average functionality per 
molecule. Furthermore, the reactivity between the carboxyl groups and epoxy groups has 
been emphasised and shown to be fast and effective, while the reaction between hydroxyl and 
epoxies appears less efficient. It can thus reasonably be assumed, as stated earlier, that during 
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Figure 7.13 Effect of TGDDM on the gel content of TPE-E fluoromica nanocomposites. 
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a reactive extrusion process the epoxy modifier would react primarily with the carboxyl TPE-
E chain ends. 
The content of high masses is shown by the z-average molecular weight (Mz) which is 
indicative of significant increase of modified systems in comparison to the blank TPE-E. This 
increase of Mz becomes even large especially for double increase of 0.7 wt% TGDDM 
modified TPE-E nanocomposites. The enlargement of the MWD for the nanocomposites can 
also be indicated by the polydispersity index (PDI= Mw/Mn), besides extremely high 
molecular weights above 2 × 10
6
 g/mol are also obtained. These outcomes show modifier 
chain extension efficiency which has an effect on the rheological characteristics of the 
material.  
The PDI of the host polymer before and after reactive modification via different processing 
routes (blank TPE-E, HT-C1, HC2, HC1-C2 and HC1-T) are also given in Table 7.7. A 
significant decrease in Mn of HC1-C2 nanocomposites occurred during a masterbatch of 
reactive nanofiller in TPE-E. It is still expected that there may be thermal and thermo-
oxidative degradation processes associated with reactive processing this TPE-E, which are 
responsible for the molecular weight decrease in the melt compounded TPE-E.
81
 The 
relatively low Mw, suggesting that HC1-C2 is less crystalline than other modified 
nanocomposites, and therefore it was not possible to obtain high molecular weight TPE-E.
82 
Higher molecular weight may be obtained if the TGDDM is post-added with TPE-E matrix 
for HC1-T. It was shown in Table 7.7 that the Mn of the HC1-T was twice that of first adding 
of TGDDM into TPE-E (HT-C1). This halving of molecular weight resulted in the HT-C1 
having a tensile strength of 35 MPa, which was 4.9 MPa lower than that of the HC1-T (39.9 
MPa). The post-addition of TGDDM decreased the PDI of TPE-E nanocomposite. This is in 
contrast to the significant improvement in Mw of HC1-C2. The high PDI value can also be 
attributed to higher branching formation of TPE-E.
83
 Twin screw extrusion, which 
compounds thermally-sensitive materials, yields a far greater shear energy than single screw 
extrusion, which results in a loss of molecular weight and a decrease in properties and 
performance.
41
 
Polycondensation reactions are useful process in making segmented copolymers which result 
in polydisperse materials.  The thermal and mechanical properties of polymers are influenced 
by polydispersity of the hard segments. The behaviour of uniform and non-uniform hard 
segments in non-hydrogen bonding polyurethanes was discussed by Harrell
52
 and Ng et al,
53 
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and
 
hydrogen bonding-segmented polyurethanes was discussed by Eisenbach et al.
54
 and 
Miller et al.
55
 The result of these studies indicates that hard segments of uniform length 
crystalise faster and better than hard segments of non-uniform length. However, the hard 
segments represent a physical cross-links which report elastomeric properties to the soft 
phase.
54,55
 The hard-soft segmental solubility parameters and aligned hard and soft semgents, 
polydispersity and molecular weight, as well as the processing and thermal history of the 
TPE-E host matrix are essential factor to be considered to the tensile properties demonstrated 
by the nanocomposites.
55
 
 
Table  7.7 Characteristic molecular weights obtained by GPC of TPE-E nanocomposites. 
 
Materials Mn Mw Mz 
Polydispersity 
(PDI) 
Blank 46,056 73,177 112,697 1.58 
     
HT-C1/0.1 39,140 78,529 145,224 2.00 
HT-C1/0.3 57,382 101,986 172,302 1.77 
HT-C1/0.5 45,475 81,625 140,585 1.79 
HT-C1/0.7 69,276 132, 932 251,342 1.92 
     
HT-C1 57,382 101,986 172,302 1.77 
HC2 56,713 106,106 183,313 1.87 
HC1-C2 38,947 72,522 127,113 1.86 
HC1-T 94,225 140,520 207,950 1.49 
 
7.2.10 Water Vapour Permeability Tests 
Figure 7.14 presents the Permatran data as permeation rate versus time for one specimen 
being tested. The nanocomposite samples show that after an initial period of transient 
behaviour tended towards a steady state value of permeation and only run for 20-30 hours. 
The water vapour transmission rate (WVTR) through the TPE-E and the modified 
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nanocomposites are given in Table 7.8. Although the post-addition of TGDDM in TPE-E 
nanocomposite did not have a significant effect on the WVTR, all the nanocomposites of 
direct- addition, dry feed of organo-fluromica/TGDDM and masterbatch process of organo-
fluromica/TGDDM showed lowest WVRT values. The decrease in permeation can be 
attributed to the presence of reactive nanofiller in the TPE-E, which would increase the 
tortuosity of the diffusive path (making it more difficult the penetration of molecules like 
water) for these systems. A reduction of 65% in the WVTR was measured for HC1-C2 
relative to the blank TPE-E. This results in better dispersion of organo-fluoromica/TGDDM 
masterbatch in the TPE-E matrix. 
It has been reported that extrusion processing parameters can affect water vapour 
permeability (WVP).
84
 Kumar
84
 studied the effect of high screw speed and barrel temperature 
distribution on WVP, and found that the permeability of nanocomposite films decreased with 
an increase in screw speed while the effect of barrel temperature distribution on WVP was 
negligible. This is to say that the screw speed is a variable could be considered but not tested 
here. In this study, the processing parameters were maintained during the extrusion. The 
screw speed of 90 rpm was employed. Furthermore, the TGDDM structure and size must be 
taken into account to ensure the solubility required within TPE-E for effective reactivity. 
Because TPE-E processing was performed in region of 255 °C, the thermal stability and 
homopolymerisation of the TGDDM must further be considered.
60
 However, the increase in 
WVTR of HC1-T may be owing to an increase in water vapour solubility, because as the 
abovementioned, the relatively high internal structure, spatial distribution and dispersion of 
the ME-75ODTMA within the TPE-E through cross-linking of post-addition of TGDDM, as 
observed via TEM image in Figure 7.5d. Furthermore, the introduction of the Si-CH3 group 
into TPE-E chains as appeared in the FT-IR spectrum has been reported to influence on 
permeation rate.
85,86
 It was observed that individually of the structure of main chains the 
presence of this group as the side chain caused a considerable increase in the permeability 
coefficient and occasionally associated with an increase in separation factor. In addition, the 
incorporation of a substituent that able to form hydrogen bonds has aslo reported to strongly 
affect the transport parameter because of the increase in inter-chain interaction or interactions 
with some penetrant.
87 
For instance, with the incorporation of 20 wt% carboxyl groups into 
poly(vinyltrimethylsilane) had two-fold decreased in permeability coefficients of 
hydrocarbon gases, while increased by a factor of 4.5 in permeability coefficients of water 
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vapours.
88
 This idea is reasonable to assume that the degradation of TPE-E may occur during 
the extrusion resulting in an increase in the content of carboxyl group.
89
    
More conclusive evidence for the structure of Si-CH3 group would enhance the stiffness of 
polymer chain backbones, and to loose their dense packing in TPE-E allowing to the size of 
free volume element and permeability in HC1-T nanocomposite increased.
90
 Substantial 
branching and cross-linking accordingly may take place, which leads to a strong rigidification 
of the network.
60
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Figure 7.14 Mocon Permatran test results of blank TPE-E and reactive modified TPE-E 
organo-fluoromica nanocomposites. 
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Table  7.8 Permatran Permeation Rates at 23°C and 100% relative humidity (RH) of TPE-E 
reactive extrusion. 
Material 
Water Vapour Transmission Rate 
(g/m
2
.day) 
Blank 3513 ± 4.0 
  
HT-C1 2011 ± 4.0 
HC2 2578 ± 5.2 
HC1-C2 1220 ± 3.2 
HC1-T 7900 ± 8.1 
 
7.3 Conclusion 
The present work investigates the influence of TPE-E modification with a high functionality 
modifier TGDDM in twin screw extruder. It was reported that the cross-link of TGDDM is 
strongly affected by the addition of organoclay.
91
 This is probably because the organoclay 
exfoliates to a greater degree with TGDDM. The alkyl ammonium ion exchanged organo-
fluoromica could be attributed to the catalytic effect on organo-fluoromica/TGDDM in the 
cross-linking of TPE-E. Among the investigated was the influence of TGDDM concentration 
on mechanical properties. 
When a TGDDM combined with ME-75ODTMA provided the largest interlayer distance. 
This result suggests that the expansion is due to TGDDM being intercalated and, as a result, 
TGDDM is capable of diffusing between the layers, the polymerisation took place outside the 
interlamellar gallery. The presence of alkyl ammonium cation is able to increase the required 
energy for ring opening polymerisation, and also bring a catalytic effect on TGDDM in 
swelling of the layers. 
The TGDDM molecules easily intercalate with the organo-fluoromica during the RX process 
but the effect of the modifier varies depending on the TPE-E modification route. The claim 
that according to the XRD pattern obtained from direct-addtion, exfoliated or delaminated 
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HT-C1 nanocomposite is produced, but poorly recognised that according to TEM images the 
nanocomposite was partial intercalated/exfoliated structure.  
TPE-E, TGDDM, and fluoromica undergo chemical interaction with each other which was 
proved through FTIR analysis. The modification introduces Si-CH3 group, which is belived to 
increase in water vapour permeability without sacrificing the UTS. This was presumably 
because large free volume elements are retained in the matrix due to highly stiff polymer 
structure. 
The optimum concentration of TGDDM added to TPE-E containing of 2 wt% organo- 
fluoromica was determined by tensile testing. There is evidence to suggest that the optimal 
amount of 0.3 wt% increases UTS. The gel content of nanocpomposites observed to increase 
with increasing TGDDM content. The deterioration in UTS when increasing TGDDM 
content can be attributed to the excessive cross-linking formation. The varied modifying 
route of the reactive modified nanocomposites exhibited improved UTS. The addition of 
combined organo-fluoromica/TGDDM during the masterbatch process or post-adding 
TGDDM leads to increased bonding between TPE-E chains, and between TPE-E chains and 
the hydrophilic dual modification nanofiller: resulting in an increase of UTS. DSC and 
DTMA did not provide evidence for changes in TPE-E hard and soft microphases in the 
reactive melt processed nanocomposites. The masterbatch process route increased the Tg in 
tan δ with the addition of reactive nanofiller into the host TPE-E, due to the presence of some 
cross-linking in the nancomposite the segmented mobility within the TPE-E decreased.  
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Chapter 8 Conclusions and Future Research 
 
8.1 Summay and Conclusions 
A single-type of surfactant is used to modify most of the organoclays that are employed in 
polymer nanocomposites. According to previous studies
1,2
, when segmented blocks of 
copolymers, such as TPE-Es, are employed, one of the segments is usually associated with 
single-modified organoclays that highly match surfactant polarity. For instance, clay 
modifications with hydrophobic and non-polar surfactants are preferably associated with the 
soft segments of the TPT-Es. However, modified and unmodified organoclays with surfactant 
comprising polar groups have a tendenct to be associated with hard segments.
1-3
 Sub-optimal 
property enhancement results from unbalanced reactions between the TPE-E segments and 
organoclays. In many cases, limitations to potential applications result from the increment of 
stiffness, water permeation and a reduction of elongation at break and tensile strength.
4,5
  
Clay surface and edges have been modified using cationic surfactants and alkoxysilanes, 
respectively, and this has been quite problematic in the contemporary world. Subsequently, 
dual-modified organoclays gained a lot of research interest, which led to numerous 
developments.
6,7
 Modifications are primarily employed to achieve reactive functionalities in 
the polymerisation reaction, which improve the extent of clay dispersion
8
 and enhance 
thermal stability in the polymer nanocomposite end-product.
9 
Therefore, in this research, the 
modification was performed through the use of cationic surfactants. Octadecyl trimethyl 
ammonium bromide (ODTMA) and cetyl pyridinium bromide (CP) are non-polymer 
surfactants that favorably interact with soft segments in hydrophobic interactions. Thus, 
through hydrogen bonds, the hard segments were associated with polar surfactants, like 
choline chloride (CC). 
 
The combination of high and low aspect ratio layered silicates (fluoromica ME, and two 
types of hectorites, WXFN or WXFP), and single and dual-modified surfactants were 
generated through an aqueous ion exchange reaction. Through the use of ATR FT-IR, XRD, 
XPS and TGA analysis, the presence of organic modifiers in the silicate surface was 
observed. Thermal stability, d-spacing expansion and surfactant configuration were 
determined by chemical structure of organic modifiers and adding CC components in dual-
modified organoclays. Methods that utilise low temperatures, such as melt compounding and 
reactive extrusion, were more suitable for the organo-hectorites.  
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ODTMA, CP and CC were the three types of surface modifiers used in the preparation of the 
thermoplastic copolyester (TPE-Es) nanocomposites. Throughout the process, varying levels 
of hydrophobicity were used to assist in the observation of the modification. This 
characteristic helped in enhancing the interaction of organoclay to influence the final product. 
In this research, a twin screw extrusion was used to melt compound the TPE-E 
nanocomposites. Therefore, organo-fluoromica was modified with selected dual surfactant, 
such as CC/ODTMA, and a group of tetraglycidyl-4,4-diamino-diphenylmethane (TGDDM) 
was used to create a reactive modification of TPE-E. Segmented TPE-E initially produced the 
properties of the organo-fluoromica, combined with TGDDM, on the underlying TPE-E 
microphase morphology and modified route after the influence of the extruder compounding.  
8.1.1 Nanofiller Surface Structure 
The preparation of the single and dual-modified high aspect ratio fluoromicas was 
characterised the same as the process of generating counterparts of organo-hectorite. The 
formation of surfactant arrangements inside the clay layers was allowed in the process of 
charge heterogeneity in organo-fluoromicas, which did not happen in the hectorites. Thermal 
stability, organic modifier conformation, d-spacing expansion and long-range order of clay 
platelets could be cross-attached in an alternating chain of chemical structure and a mixture 
of CC in the dual-modified organoclays. For the organo-fluoromicas to decompose, the 
temperatures needed to be 270°C, or above, thus making the nanofillers appropriate for 
processes that require high temperatures. The observed high thermal stability of ME-CP 
could be more influenced by the extended presence of the higher equilibrium of halide anion 
versus the CP cation, than by the presence of the pyridinium cation, which has been said to 
have a lower thermal stability than the quaternary alkylammonium cation.
10
  
The XPS analysis process identified the presence of small amounts of sodium atoms that 
meant that there was an incomplete cationic exchange or the availability of NaBr or NaCl, 
which are unwashed salts in organo-fluoromicas, compared to the organo-hectorites. The Na
+
 
could not be efficiently replaced by the long chain of quaternary alkyl ammonium compound, 
as compared to the alkyl pyridinium.
11
 The longer chain length with complete coverage 
assisted in increasing the hydrophobicity level, while the CH3 groups of the organic modifiers 
hindered the scattered constituent covered by the by the silicate.
12
 The observed surfactant 
configuration observed for the organo-hectorite was slightly lower than the one seen in the 
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organo-fluoromicas process. After several comparisons, ME-75CP/25CC was found to have 
the highest degree of phase mixing among WXFN-75CP/25CC and WXFP-75CP/25CC.  
After comparing dual-modified organo-fluoromicas and their single-modified counterparts 
with XRD analysis based on their interlayer distances, the latter was found to have higher 
values. The orientation and loading amount of the organic modifier chemical structure of the 
dual-modified organo-fluoromicas were attributed to the high degree of hydrophobicity.
13
 
The largest interlayer distance was provided by combining ME-75ODTMA/25CC and 
TGDDM in the reactions. These results were obtained because TGDDM had the ability to 
diffuse between the layers and it was also intercalated. Therefore, the polymerisation 
occurred outside of the interlamellar gallery. The required energy was obtained through the 
presence of the alkyl ammonium cation in the process, thus opening the polymerisation, and 
therefore, creating a catalytic effect on the TGDDM causing swelling of the layers.
14
  
8.1.2 Structure and Properties of TPE-E Nanocomposites Prepared by Melt 
Compounding 
Quaternary alkylammonium compound and single modified fluoromica were found to be 
thermodynamical with the TPE-E under investigation. The large polymer intercalated the 
interlayer spacing of the hydrophobic 100ODTMA organo-fluoromica. The results indicated 
that there was a good driving force for combining or intercalating organo-silicates and 
polymers.
15
 Positive structural factors were obtained after a larger molecular volume of 
surfactant with a less-polar nature was dispersed on organo-fluoromicas in the TPE-Es. The 
organic modification of the 100ODTMA generated the highest dispersion in the TPE-E 
matrix, as the increments were measured in modulus of elasticity. The availability of 
hydroxyl groups on the flouromica surface of 75ODTMA/25CC imposed hard segment 
crystallisation, and also reduced the elastic modulus by preventing the continuity of crystal 
generation for the soft segments.
16
  
The slight increment in soft segments Tg of TPE-E was observed after the addition of 2 wt% 
ME-ODTMA to the process before its completion, and thereby, a suggestion of microphase 
morphology was provided. This resulted after the silicate acted heterogeneously, nucleating 
at an extremely low content.
17
 An XRD analysis was performed in the process to determine 
the interlayer distance in the compound. Some patterns of XRD of WXFN organo-hectorite 
nanocomposites indicated a minimal rise in the interlayer distance, suggesting that small 
amounts of TPE-E intercalated the d-spacing. Most of the clay platelets were observed by 
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TEM of organo-fluoromicas, showing the huge modulus increase (39%) acquired at 2 wt% 
organoclay loading, and contributing to crucial increases in both tensile stress and creep 
dimensional stability.   
The melt-compounded WXFP organo-hectorite nanocomposites were observed to have a 
better organo-silicate dispersion and smaller-sized stack result from the higher shear forces 
that have been associated with twin-screw extrusion. The loading weight percentage and 
particle size of the TPE-E were found to significantly affect the morphology of the TPE-E 
compound and its mechanical characteristics. Adding 2 or 4 wt% amounts of organo-
flouromica to the TPE-E matrix led to the reduction in the rate of water vapor transmission. 
Permeation was reduced due to the increase in the diffusion of path length in the presence of 
the layered silicates, which had large diameters, and changed the TPE-E morphology.
18,19
 
8.1.3 Structure and Properties of TPE-E Nanocomposites Prepared by Reactive 
Extrusion 
Hydroxyl-bearing 75ODTMA/25CC organo-fluoromica was found to be miscible after being 
combined in toluene with tetra glycidyl compound after the investigation with TPE-Es. 
Adding TGDDM to the system seemed to catalyse and enhance the rate of bonding between 
TPE-E and clay. These observations were assumed to be a result of the better interaction 
between the reactive nanofiller surface and hydrophobic soft segments, which led to 
increased nanofiller dispersion and certainly, material properties.
20-22
 Optimal TGDDM 
components were observed at 0.3 wt%, whereby the TPE-E matrix became excessively cross-
linked. Light cross-linking of TPE-E can result from a modest increase in tensile strength. 
The increase in the content of TGDDM led to a rise in the gel content of nanocomposites. 
Therefore, a large number of cross-linked TPE-E particles were highly-distributed througout 
the entire matrix.  
The modification route was seen to be related to the co-continuity of the TPE-E 
nanocomposites and was influenced by the reactive modifier on the ME-75ODTMA/25CC 
dispersion level. In addition, ME-75ODTMA/25CC was observed to exfoliate to a higher 
degree with TPE-E. The catalytic effect on organo-fluoromica/TGDDM in the cross-linking 
of TPE-E could be linked to the alkyl ammonium ion exchanged to organo-fluoromica. The 
layers between the fluoromica had small amounts of TPE-E that were intercalating. This was 
evident after observing the minimal increase in the d-spacing of all the other nanocomposites. 
An insufficient effect of the polar groups of organic cations in the dual-modified clay could 
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have caused the phenomenon of TGDDM cross-linking with the surrounding flouromica 
particles. The patterns of XRD analysis indicated that intragallery polymerisation contributed 
to the organo-flouromica dispersion, and improvement in the creep resistance and tensile 
strength resulted.  
Generation and comparison between melt compounding and reactive extrusion resulting from 
the composites with well-dispersed single organo-flouromica platelets were possible through 
the high shear force rates associated with a twin-screw extruder. The availability of exfoliated 
lamellae was assumed to be caused by the higher shear energy that was developed during 
extrusion compounding. The delamination observed on the silicate layers found in the 
polymer matrix could be performed with the help of the exessive shear force created by the 
high viscosity of combined organo-fluoromica/TGDDM particle dispersion.
23
  
Improved tensile strength was exhibited by the varied, modified route of nanocomposites in 
the process and through the addition of the combination of organo-fluoromica/TGDDM in the 
masterbatch process. Therefore, adding the TGDDM later leads to increased bonding 
between the chains of TPE-E and the hydrophilic dual-modification of the nanofiller, and 
thus the increased tensile strength. The DTMA and DSC did not provide evidence for 
changes in the TPE-E soft and hard microphases of the resulting nanocomposites. The 
masterbatch process increased the soft segment Tg, and this caused the organoclays nucleated 
recrystallisation. Images that were obtained after the TEM analysis led to the exhibition of an 
ordered, intercalated structure that contained layered clay stacks, or tactoids, interdispersed 
through the nanocomposite. These characteristics led to the decrease in special restriction of 
molecular motion imposed by organo-fluoromica. Adding TGDDM directly into the process 
resulted in ME-75ODTMA/25CC delamination of exfoliated structure.  
A 65% decrease in the modified TPE-E matrix was observed in the process of water vapour 
transmission, and its rate was significantly higher than in the masterbatch process with a 
blank TPE-E matrix. Surfactant packing was supposed to be arranged by the TGDDM 
molecules in the experiment, thereby leading to the minimisation of the free volume of TPE-
E for intercalation.
24
 This process also decreased the chain entanglements with the TPE-E, 
leading to enhanced properties of the barriers.  
8.2 Future Work 
The understanding of the thermal and physiochemical properties of the single- and dual-
modified layered silicates has been considerably advanced by the present work. The 
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tetraglycidyl compound, tetraglycidyl-4,4-diamino-diphenylmethane, was used as a reactive 
modifier and led to a considerable increment in the dispersion of organoclay in TPE-E 
matrix. Nonetheless, it improved the viscosity of TPE-E, which perhaps increased the 
effectiveness of TPE-E intercalation into the organoclay gallery through the increased shear 
stress of the processing technique.  The increased viscosity positively shifted the process.  
The nanofiller can be effectively forecasted in some TPE-Es through determination of the 
surface energy by measuring the contact angle only
25
, and the level of hydrophobicity of 
nanofiller could be measured by creating and performing contact angle measurements. The 
surface energy of nanofiller is one of the most important characteristics to be considered 
when preparing TPE-E nanocomposites, as it considerably influences the silicate dispersion 
state and favored permanent association with the hard and soft segments of the TPE-E matrix. 
Solution blending is a highly favoured processing method for these materials, due to the 
degradation effect of TPE-E together with organic modifier in the melt compounding process. 
The difference in Young‟s modulus and E‟s modulus between the melt compounded and the 
reactive extrusion nanocomposites are difficult to understand. The Young‟s modulus did not 
increase in the reactive extrusion materials. This was because both the level of silicate 
delamination and the hard microphase must be considered. Future work will aim to address 
this issue. Further work must also be conducted to improve the degradation of the 
temperature of the TPE-E nanocomposites. This will assist in making the process more 
reliable in attaining balanced temperature values.  
Changing extrusion parameters to allow further layer separation before the formation of a 
rigid network would lead to a more exfoliated nanocomposite than what has been achieved so 
far. The act of the modified TPE-E system forming an exfoliated nanocomposite was found 
to be determined by the route process of modification around, and in, the silicate layers. This 
achievement could have been caused by altering the stoichiometric ratio of organoclays to 
TGDDM, or using a specific amount of organoclay containing a different organic cation to 
increase the reactivity. Pohl‟s method assists in determining the carboxyl end groups of 
modified TPE-Es.
26,27
   
The mechanical properties of TPE-E varied considerably, and the Tg of the nanocomposites 
compared to the blank polymer was significantly lower. However, the produced 
nanocomposites did not show a dramatic increase in tensile strength properties. An aging 
study would show whether the addition of an organoclay reduces degradation of the TPE-E 
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compound matrix, which would lead to a longer term integrity of these materials. 
Measurements of water vapor solubility and diffusion coefficients are essential.
28,29
 More 
information might be given through undertaking further research and examination of the 
spherulitic deformation mechanisms. This information would relate to the effect of 
microstructure and organoclay on the mechanical properties of organoclay/TPE-E 
nanocomposites through the use of the copper grid methodology. Moreover, the hot-stage 
scanning electron microscopy has been known for following the melting of the hard segments 
and the annealing of the soft segments in a Hytrel® 3078 system. 
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Appendix A  
A.1 GPC Analysis of the Effect of TGDDM Stoichiometric Concentration on the MWD 
of TPE-E Nanocomposites Prepared by Reative Extrusion 
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A.2 GPC Analysis of the Effect of Modification Routes on the MWD of TPE-E 
Nanocomposites Prepared by Reactive Extrusion 
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Appendix B  
B.1 Effects of Aspect Ratio of Organically-Modified Nanoclays on Water Vapour 
Transmission Rate in TPE-E Nanocomposites Prepared by Melt compounding   
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B.2 Effects of Modification Routes on Water Vapour Transmission Rate in TPE-E 
Nanocomposites Prepared by Reactive Extrusion 
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